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vessel counts. However, our study addressed the 
biological relevance of neoangiogenesis in the context 
of lymph node metastasis. We believe our findings are 
striking enough to require a small sample size to 
achieve statistical significance. 

We take note of studies on CD105 (endoglin) as a 
marker for angiogenesis. It would be worthwhile to 
investigate the relationship between CD105 staining 
and double staining for endothelial markers and 
proliferation markers. 6 

We are rather surprised at Reis-Filho et al.'s com- 
ment on exclusion of vessels with thick smooth muscle 
coats from vessel counting. We wish to quote the 
methods as stated by Weidner et al: 'Micro vessel 
density was assessed areas of invasive tumour 
containing the most capillaries and small venules 2 
Vessels with thick smooth muscle coats are unlikely to 
represent capillaries or small venules. 

The Edvin categories are conceptually exciting, but 
do not appear to be relevant to our study. Our study did 
not evaluate any predictive or prognostic aspects. The 
question we addressed was 'whether angiogenesis was 
essential for the growth of tumour cells after they had 
metastasized to the lymph nodes'. 7 

Reis-Filho et al.'s comments on angiogenic factors 
reaching non-metastatic lymph nodes draining can- 
cers, thereby resulting in higher vessel counts, are 
thought-provoking. Though theoretically the possibil- 
ity exists, our results do not support it. The MIB1+ 
vessel count was extremely low in these non-metastatic 
lymph nodes, thereby suggesting a lack of appreciable 
neoangiogenesis. Furthermore, MIB1+ vessel counts 
were similar in non-metastatic lymph nodes and in 
'normal' mucosae adjacent to the primary tumours. 1 
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Lack of angiogenesis in lymph node 
metastases of carcinomas is growth 
pattern-dependent 

Sir. We have read with great interest the paper of 
Naresh et al., 1 in the May 2001 issue of Histopathology, 
describing the redundancy of angiogenesis for tumour 
growth in lymph node metastases of head and neck 
squamous cell carcinomas. The conclusions of the 
investigators are based on the lower microvessel 
density in metastatic lymph nodes compared with 
non-metastatic lymph nodes and on the lower fraction 
of microvessels with proliferating endothelial cells in 
metastatic lymph nodes compared with the respective 
primary tumours. 

Exceptions to the 'Folkman-hypothesis', that solid 
tumours need angiogenesis to grow, 2 are being reported 
with increasing frequency. In the experimental 
glioblastoma model of Holash et al. tumours initially 
grow by co-opting the vasculature which surrounds 
the tumour cell colony, until a kind of suicidal reaction 
of the pre-existing vessels occurs, leading to hypoxia 
and subsequent angiogenesis. 3 These observations 
imply that tumour cells are capable of conserving, 
and not destroying, the host-derived stroma. Given the 
vast amount of data concerning the proteolytic nature 
of invasive tumour cells and the presence of desmo- 
plastic stroma in many tumours, this respect for the 
pre-existing stroma is not warranted. We therefore 
argued that not all primary or metastatic tumours 
would be capable of initial co-option or of parasitism, 
i.e. prolonged co-option beyond the initial growth 
phase. In primary non-small-cell lung tumours differ- 
ent growth patterns were indeed observed, of which 
one was designated as putatively angiogenesis-inde- 
pendent. 4 

We have investigated the growth patterns of liver 
metastases of adenocarcinomas of colon and breast 
cancer and found one growth pattern, the 'replace- 
ment' pattern, in which hepatocytes were replaced by 
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tumour cells without disruption of the stromal archi- 
tecture of the liver. 5 The co-opted sinusoidal microves- 
sels did not express CD34, a marker present on nearly 
all blood vessels in the primary tumours, but not on 
normal sinusoidal liver blood vessels. Endothelial cell 
proliferation was very low in this type of metastases 
and the ratio of tumour cell proliferation to endothelial 
cell proliferation, roughly reflecting the degree of 
angiogenesis-independent growth, was high compared 
with the other growth patterns. 

Our hypothesis is that lymph node metastases of 
carcinomas are also a heterogeneous group of tumours 
showing growth patterns with distinct angiogenic 
profiles. This can be partly deduced from the overlap 
of the 95% confidence interval for the mean of the MIB- 



1-positive vessel count between the group of metastatic 
lymph nodes (0.6-2.4) and the group of primary 
tumours (1.7-5) in Table 2 of the paper of Naresh et al. 

Two primary ductal breast carcinomas of patients 
with lymph node metastases were taken from our 
archives. One tumour had an infiltrative growth 
pattern, conserving pre-existing epithelial and stromal 
structures within the tumour. The other tumour had 
an expansive growth pattern, pushing aside these 
structures. In all the lymph node metastases of the 
former tumour, the lymph node architecture was 
conserved at the interphase between the tumour and 
the lymphoid tissue, as demonstrated by a reticulin 
stain (Figure la,b). The fraction of blood vessels 
with proliferating endothelial cells, counted at the 




Figure 1. a, Haematoxylin and eosin stain of a lymph node metastasis of a ductal breast carcinoma with an infiltrative growth pattern 
(T, tumour; L, lymphoid tissue), b, Reticulin stain of the same metastasis: the tissue architecture of the lymph node is conserved at the interphase 
between tumour and lymphoid tissue, c, Double immunostaining against Ki67 (brown) and CD31 (red): the broad arrow indicates a proliferating 
endothelial cell. The small arrow indicates a resting endothelial cell, d, Reticulin stain of a metastasis of a ductal breast carcinoma with an 
expansive growth pattern. A broad desmoplastic ring separates the tumour (T) from the lymphoid tissue (L). 
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interphase after double immunostaining for Ki67 
and CD31, was 1.6% (n = 1; Figure lc). Microvessel 
density was 14.4 vessels/field (magnification x400). 
In contrast, all the lymph node metastases of the 
latter tumour formed a nodule that was separated 
from the lymphoid tissue by a broad desmoplastic 
rim. The lymph node architecture was not conserved 
at the interphase between tumour and lymphoid 
tissue (Figure Id). The fraction of blood vessels with 
proliferating endothelial cells counted at the inter- 
phase was 5.6%. Microvessel density was 12.4 
vessels/field. The investigated metastases were of 
comparable size. 

These preliminary observations suggest that the 
degree of angiogenesis-(in)dependent growth of lymph 
node metastases is determined by their growth 
pattern, as has been shown by us to be the case for 
liver and skin metastases of colorectal and breast 
carcinomas. 5,6 Prediction of the growth pattern of 
metastases by analysing the primary tumour might 
become important in clinical oncology since these 
growth patterns might have distinct responses to 
cytotoxic and anti-angiogenic treatment. Mechanisms 
responsible for the differences in growth pattern need 
to be elucidated. 
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bcl-2 and p21 immunostaining of cervical 
tubo-endometrial metaplasia 

Sir: We read with interest the recent correspondence in 
Histopathology from Dr Piek and colleagues regarding 
the expression in the normal fallopian tube of some 
common differentiation and proliferation proteins. 1 
These authors showed that bcl-2 was highly expressed 
in the cytoplasm of secretory cells, whereas ciliated 
cells were completely negative. Conversely, p21 was 
often expressed in the nuclei of ciliated cells, whereas 
secretory cells were usually negative. The authors 
concluded that this pointed to a role for p2 1 and bcl-2 
in the differentiation of ciliated and secretory cells, 
respectively, in the fallopian tube. 

In a previous study we investigated the immuno- 
histochemical detection of p53 and bcl-2 proteins in a 
variety of neoplastic and non-neoplastic endocervical 
glandular lesions and showed that there was diffuse 
positive staining for bcl-2 in most cases of cervical 
tubo-endometrial metaplasia. 2 The findings of Dr Piek 
and colleagues prompted us to carry out a further small 
study investigating bcl-2 and p21 immunostaining in 
10 cervices showing tubo-endometrial metaplasia, a 
commonly encountered lesion in the cervix, especially 
following cone biopsy or some other procedure. 3 ' 4 
Diffuse cytoplasmic positivity was found in all cases of 
tubo-endometrial metaplasia (Figure 1), but there was 
no staining of normal endocervical glands. Further- 
more, on morphological examination of haematoxylin 
and eosin-stained slides we could not distinguish 
ciliated from secretory cells, as can be done in the 
normal fallopian tube. In most cases, the vast majority 
of the cells were ciliated and in other cases there were 
areas composed of ciliated cells interspersed with areas 
of non-ciliated cells. However, apart from the presence 




Figure 1. Diffuse strong cytoplasmic positivity for bcl-2 in tubo- 
endometrial metaplasia. 
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Tissue sections from aggressive human intraocular 
(uveal) and metastatic cutaneous melanomas gener- 
ally lack evidence of significant necrosis and contain 
patterned networks of interconnected loops of extra- 
cellular matrix. The matrix that forms these loops or 
networks may be solid or hollow. Red blood cells 
have been detected within the hollow channel com- 
ponents of this patterned matrix histologically, and 
these vascular channel networks have been detected 
in human tumors angiographically. Endothelial cells 
were not identified within these matrix-embedded 
channels by light microscopy, by transmission elec- 
tron microscopy, or by using an immunohistochem- 
ical panel of endothelial cell markers (Factor vm- 
related antigen, Ulex, CD31, CD34, and KDR[Flk-l]). 
Highly invasive primary and metastatic human mela- 
noma cells formed patterned solid and hollow matrix 
channels (seen in tissue sections of aggressive pri- 
mary and metastatic human melanomas) in three- 
dimensional cultures containing Matrigel or dilute 
Type I collagen, without endothelial cells or fibro- 
blasts. These tumor cell-generated patterned channels 
conducted dye, highUghting looping patterns visual- 
ized angiographically in human tumors. Neither nor- 
mal melanocytes nor poorly invasive melanoma cells 
generated these patterned channels in vitro under 
identical culture conditions , even after the addition of 
conditioned medium from metastatic pattern-forming 
melanoma cells , soluble growth factors , or regimes of 
hypoxia. Highly invasive and metastatic human mela- 
noma cells, but not poorly invasive melanoma cells, 
contracted and remodeled floating hydrated gels, pro- 
viding a biomechanical explanation for the generation 
of microvessels in vitro. cDNA microarray analysis of 



highly invasive versus poorly invasive melanoma tu- 
mor cells confirmed a genetic reversion to a pluripotent 
embryonic-like genotype in the highly aggressive mel- 
anoma cells. These observations strongly suggest that 
aggressive melanoma cells may generate vascular chan- 
nels that facilitate tumor perfusion independent of tu- 
mor angiogenesis. (Am J Pathol 1999, 155:739-752) 



It is generally assumed that tumors require a blood sup- 
ply for growth and metastasis. 1 The development of the 
tumor microcirculation compartment includes both the 
production of new blood vessels (angiogenesis) and their 
remodeling. 2 In fact, the number of vessels 3 and the 
patterning of the microcirculation 4 by remodeling events 
are used as histological markers of tumor progression. 
Although attention has been focused on factors that stim- 
ulate and suppress tumor angiogenesis, the molecular 
mechanisms underlying tumor remodeling remain enig- 
matic. It is therefore critical to investigate remodeling of the 
intratumoral microvasculature in various tumor models. 

Melanoma is among the better characterized tumor 
models with respect to prognostic staging of disease 
progression. The rising incidence of cutaneous mela- 
noma makes this tumor an important public health prob- 
lem. Melanoma of the interior of the eye, uveal melanoma, 
although much less common than cutaneous melanoma, 
poses a threat to vision and significant morbidity; nearly 
50% of patients with uveal melanoma die from metastatic 
melanoma. 5 Cutaneous melanoma may disseminate 
through lymphatics or blood vessels. In contrast, the 
interior of the eye lacks lymphatics, and uveal melanoma, 
which develops in one of the most capillary-rich tissues of 
the body, is a paradigm for pure hematogeneous dissem- 
ination of cancer. 6 Therefore, the development of a tumor 
microcirculation in uveal melanoma is a rate-limiting step 
for hematological metastasis and serves as an important 
model for study of the cellular and molecular infrastruc- 
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ture of the melanoma microvasculature, isolated from the 
influence of a concomitant lymphatic circulation. 

The objective of this investigation was to elucidate the 
relationship between the aggressive melanoma cell phe- 
notype and the mechanisms responsible for the genera- 
tion of uniquely patterned matrix-associated vascular 
channels characteristic of both aggressive human uveal 
and cutaneous melanomas. 



Materials and Methods 

Light Microscopy 

To highlight the matrix-associated vascular channels of 
uveal melanomas, tissues were stained with periodic ac- 
id-Schiff (PAS), omitting hematoxylin counterstaining to 
reduce visual noise; black and white photography with a 
green filter (or the selection of the green channel for 
digital photography) further highlighted the PAS-positive 
patterns. 7 Failure to eliminate hematoxylin counterstain- 
ing to the PAS stain has resulted in a 50% reduction in the 
histological detection of PAS-positive looping patterns 
and networks. 8 

The prognostic significance of the presence of PAS- 
positive patterns in uveal melanoma was tested by us on 
a series of 234 patients whose eyes had been removed 
for uveal melanoma. Details concerning the composition 
of patients in this data set and statistical analyses were 
reported elsewhere. Briefly, the primary outcome vari- 
ables were the time to death from metastatic melanoma 
or from other causes and the time to follow-up for those 
patients who were still alive. The analyses focused on 
time to death from metastatic melanoma. We treated time 
to death from other causes, time to follow-up for living 
patients, and time to last contact for patients reported 
as lost to follow-up as censored times in the data 
analyses. 49 ' 10 



Correlations with Indocyanine Green 
Angiography 

A series of 18 patients with choroidal melanoma were 
studied prospectively with indocyanine green angiogra- 
phy using a confocal scanning laser ophthalmoscope 
(Heidelberg Retinal Angiograph, Heidelberg Engineer- 
ing, Heidelberg, Germany) 11 " 13 ; two of these patients 
had their eyes removed following the angiogram. The 
eyes were fixed in 10% neutral buffered formalin for at 
least 48 hours, and opened via a coronal incision through 
the pars plana to allow for direct visualization of the tumor 
surface 14 and to enhance an accurate correlation with 
retinal landmarks by comparison with pre-enucleation 
fundus photographs and the confocal angiographs. Each 
tumor was sectioned through the zone corresponding to 
the intratumoral microcirculation as seen on the angio- 
grams. Sections were stained using the modified PAS 
without hematoxylin stain. Details of the prospective 
study and the angiographic-histological correlations 
were reported elsewhere. 13 



Transmission Electron Microscopy 

Human tissue samples and cultures were fixed initially in 
10% neutral buffered formalin. One half of the tumor 
sample was processed for diagnostic light microscopy 
and stained with the PAS stain without hematoxylin coun- 
terstaining. Areas of tumor containing PAS-positive loop- 
ing patterns were identified and were used to map and 
microdissect areas of tumor containing these patterns 
from wet tissue corresponding to the opposite face of 
tissue embedded in paraffin. These small regions of tu- 
mor were postfixed in 2.5% buffered glutaraldehyde and 
were postfixed further in a solution of 1% osmium tetrox- 
ide, dehydrated, and embedded in a standard fashion. 
Thin sections were stained with uranyl acetate-lead ci- 
trate and examined with a Hitachi S-7000 transmission 
electron microscope. 



Immunohistochemistry 

For light microscopic immunohistochemistry, paraffin 
sections were cut at 4 to 5 jam. Slides were deparaf- 
finized using xylene and absolute ethanol, rinsed in dis- 
tilled water, exposed to proteinase K for 2 minutes or 
antigen unmasking. (The antigen unmasking solution was 
heated in a steamer to 95°C, then cooled to 75°C before 
slides were placed in it.) The solution and slides were 
heated in an oven at 65°C for 55 minutes. For Ulex 
(Vector Laboratories, Burlingame, CA), Factor Vlll-related 
antigen (Dako, Carpenteria, CA), CD31 (Dako), and KDR 
(Flk-1 ; Santa Cruz Biotechnology, Santa Cruz, CA), slides 
were placed in either PBS or Tris-buffered saline, pH 7.4 
(TBS, Sigma Chemical Co., St. Louis, MO). The sections 
were rinsed with phosphate-buffered saline (PBS) and 
blocked subsequently with 10% normal horse serum in 
PBS. Sections were stained with the appropriate primary 
antibody or lectin for 1.5 hours, then incubated for 20 
minutes (10 minutes for KDR) with biotinylated anti-rabbit 
or anti-mouse immunoglobulins in PBS. This was followed 
by incubation with streptavidin (Zymed, South San Fran- 
cisco, CA) conjugated to alkaline phosphatase in PBS for 
20 minutes, then by a brief rinse in distilled water. Sec- 
tions were exposed to Vector red chromogen (Vector 
Laboratories) for up to 2 minutes, an enhancement solu- 
tion (Zymed) for 5 minutes, rinsed in distilled water, coun- 
terstained with Mayer's hematoxylin for 8 minutes, and 
coversiipped with a permanent mounting medium. For 
CD34 (Novocastro, Vector Laboratories), antigen un- 
masking was followed by staining with the CD34 for 30 
minutes, washing in Tris buffer, then placement into En- 
vision Polymer (Dako) for 30 minutes and washing with 
Tris buffer. Sections were exposed to Vector red chromo- 
gen for up to 2 minutes, washed in distilled water, coun- 
terstained with Mayer's hematoxylin for 8 minutes, and 
coversiipped with permanent mounting media. 

Dual immunofluorescence labeling of keratins 8 and 18 
and vimentin IFs was accomplished using antikeratin 
antibodies CK-5, (Sigma) conjugated with Oregon Green 
(Molecular Probes, Eugene, OR) for keratins, and V.9 
(Dako) conjugated with Texas Red-X (Molecular Probes) 
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for vimentin, as previously described, 15 All coverslips 
were observed with either a Zeiss LSM410 (Thornwood, 
NY) or Bio-Rad (Hercules, CA) 1024 laser scanning con- 
focal microscope, and the images digitized using either 
the Zeiss KS400 or Bio-Rad Confocal Assistant V. 3.10 
software packages. 

Dual immunohistochemistry labeling of CD31 and 
S-100 protein was accomplished using an antibody to 
CD31 as described above, followed by application of a 
serum blocking solution (Zymed) for 15 minutes. Sections 
were then exposed to antibody to S-100 protein (Dako) 
for 1.75 hours followed by washing with PBS-Tween 
Gold-conjugated secondary antibody (Zymed) which 
was diluted by 50% in PBS and applied for 30 minutes. 
Sections were then washed in PBS-Tween and were ex- 
posed to a silver enhancer (Zymed) for 10 minutes, fol- 
lowed by a wash in PBS-Tween. The sections were then 
counterstained with Mayer's hematoxylin for 8 minutes 
and coverslipped with permanent mounting medium. 
These sections were viewed by direct light microscopy to 
detect CD31 and by epipolarization microscopy to detect 
the S-100 protein signal. 



Cell Culture 

Cell lines derived from primary choroidal or ciliary body 
melanomas or from foci of metastatic uveal melanoma to 
the liver 16 and normal melanocytes, as described previ- 
ously, 17 as well as the human cutaneous metastatic mel- 
anoma cell line C8161 , 18 were maintained in Dulbecco's 
modified Eagle's medium (DMEM, Life Technologies, 
Gaithersburg, MD) supplemented with 10% fetal bovine 
serum (FBS, Gemini Bioproducts, Calabasas, CA). 19 En- 
dothelial cells derived from pulmonary, brain, and dermal 
microvasculature (HMEC-1), HUVECs, and embryonic 
chick endothelial cells were maintained in DMEM, 20% 
FBS, or 1x MITO+ (Collaborative Biomedical, Bedford, 
MA). 20,21 Cell cultures were determined to be free of 
mycoplasma contamination using the GenProbe rapid 
detection system (Fisher, Itasca, IL). 



Three-Dlmensional Cultures 

Twelve microliters of Matrigel or Type I collagen (Collab- 
orative Biomedical) were dropped onto glass coverslips 
and allowed to polymerize for 1 hour at 37°C. Tumor cell 
lines, normal uveal melanocytes, or endothelial cells were 
then seeded on top of the gels at high density and 
allowed to incubate. For conditioned media experiments, 
media were collected and passaged through a 0.2-/xm 
filter before being placed on the appropriate cells. Addi- 
tion of conditioned media-soluble factors (basic fibro- 
blast growth factor (bFGF), transforming growth factor 
(TGF)-/3, vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), and tumor necro- 
sis factor (TNF)-a, all from Sigma) or antibodies to aj3 3 or 
a v (Chemicon, Temecula, CA) was performed by pre- 
treatment and continuous treatment regimes during the 
1- to 2-week incubation period in 3D cultures (Table 1). 



Invasion Assay 

Tumor cells (1 x 10 s ) were seeded into the upper wells of 
the MICS (membrane invasion culture system) cham- 
ber 22 onto collagen/laminin/gelatin-coated (Sigma) poly- 
carbonate membranes containing 10-/xm pores (Osmon- 
ics, Livermore, CA) in DMEM containing 1X MITO+ 
(Collaborative Biochemical). After 24 hours of incubation 
at 37°C, the cells that invaded each membrane were 
collected, stained, and counted as previously de- 
scribed. 23 Percent invasion was corrected for prolifera- 
tion and calculated as follows: 

total number of invading cells 

total number of cells seeded X 100 



Micromanipulation and Microinjection 

For micromanipulation, an Eppendorf workstation was 
used with a second Leitz manipulator, and morphological 
alterations were quantitatively recorded with a video re- 
cording device and measured with NIH Image soft- 
ware. 24 For microinjections, Texas Red (Molecular 
Probes) was preloaded into short barrel pipettes pulled 
on a Sutter pipette puller, delivered into large sinusoidal 
channels, and observed continuously for 30 minutes. 



In Vitro Collagen Lattice Deformation Assays 

Floating collagen lattices 25 were prepared by placing a 
250-/xl drop of the collagen-cell suspension (0.65 mg/ml 
of Collagen I (Collaborative Biomedical) and 1.25 x 10 s 
cells/ml) in a bacteriological 35-mm Petri dishes to pre- 
vent adhesion of the gel to the culture substrate. After 1 
hour at 37°C to allow polymerization of the collagen, 1.6 
ml of complete medium was placed over the collagen 
lattice. Lattice contraction was quantified as the relative 
change in the gel diameter over time, using NIH Image 
software. Rhodamine 123 dye (Molecular Probes) was 
incubated with melanoma cells for 18 hours and washed 
before cells were placed on floating gels to demonstrate 
the distribution of tumor cells in contracting gels. 

Microarray Analysis 

cDNA microarrays detected altered gene expression in 
highly invasive melanoma cells by a method previously 
described. 25 Relative expression of selected genes crit- 
ical for vascular channel formation is reported (Table 2) 
as highly invasive and metastatic versus poorly invasive 
uveal melanoma cells. Hybridization to cDNA microar- 
rays followed the previously described procedures 27 
(see also http://www.nhgri.nih.gov/DIR/LCG/15K/HTML/). 
Briefly, RNA extracted from poorly invasive and highly 
invasive/metastatic melanoma cells was converted to 
cDNA in the presence of fluorescent nucleotides Cy3- or 
Cy5-dUTP. The labeled cDNA pools were mixed and 
hybridized to microarrays containing 5000 cDNA ele- 
ments selected from the Unigene database. 28 Fluores- 
cence intensities for each gene were measured with a 
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custom instrument, and ratios were calculated as de- 
scribed. 27 



Results 

Histology of the Melanoma Microcirculation, its 
Prognostic Significance, and in Vivo Functional 
Correlations 

Many melanomas enlarge within the uvea without con- 
taining prominent zones of necrosis (Figure 1A). In our 
series of 234 eyes removed for malignant melanoma of 
the choroid or ciliary body, we discovered that 106 (45%) 
tumors contained networks of interconnected PAS-posi- 
tive back-to-back loops (Figure 1B). 4 Uveal melanoma 
tends to spread first and preferentially to the liver, 29 and 
we discovered that liver metastases from uveal melano- 
mas also contained these patterns (Figure 1C), as did 
foci of metastatic uveal melanoma in other organ sites. 16 
We have also detected PAS-positive loops and networks 
in metastatic cutaneous melanoma (Figure 1D). 

By conventional hematoxylin-eosin stains and with 
high magnification, the PAS-positive loops were seen to 
have a solid component in some areas which splayed 
open to reveal hollow channels, some of which contained 
red blood cells; these channels also connected to some- 
what larger vascular spaces containing red blood cells 
(Figure 1 E). Light microscopy revealed that the interior 
of these hollow channels, red blood cell-containing 
channels, and vascular spaces was not lined by an 
endothelium. 

We studied the prognostic significance of the PAS- 
positive patterned matrix-associated vascular channels 
in a group of 234 patients whose eyes were removed for 
uveal melanoma. The histological presence of loops or 
networks had a stronger association with death from 
metastatic melanoma, in a multivariate Cox proportional 
hazards model, than all other conventional histological 
features studied, including tumor size, cell type, and 
mitotic activity. 4|9 ' 10 There was a strong statistical sepa- 
ration in survival between patients whose tumors lacked 
loops and networks and those whose tumors contained 
these patterns (Figure 1F). The statistical association be- 
tween the histological presence of microcirculatory loops 
and networks and death from metastatic melanoma has 
been confirmed by independent laboratories. 8 ' 30,31 We 
found subsequently that loops and networks are not 
found in uveal nevi, 32 that networks tend to localize pref- 
erentially to the periphery of the tumor (the tumor growth 
zone), 33 that the amount of tumor remodeling by looping 
patterns (the percentage of area occupied by these pat- 
terns on a two-dimensional tissue section) had a negative 
effect on patient survival, 10 and that the classification of 
tumors into high- and low-risk for metastasis was likely to 
be consistent regardless of the tissue plane sampled 
within a large tumor. 34 

These PAS-positive patterns were presumed to be as- 
sociated with the tumor microcirculation for several rea- 
sons. First, PAS-positive patterns connect in tissue sec- 
tions with vascular spaces containing red blood cells 



(Figure 1, B and C). Second, PAS-positive networks were 
traced in serial sections to connect with the vortex vein, 
which drains the choroid. 6 Third, the patterns splay open 
and contain red blood cells (Figure 1E). Fourth, compar- 
isons of adjacent tissue sections stained alternately with 
PAS and with Ulex europaeus agglutinin I showed histo- 
logical correspondence between PAS-positive patterns 
with Ulex staining. 7 Finally, three-dimensional reconstruc- 
tions by laser scanning confocal microscopy of thick 
melanoma tissue sections stained with Ulex revealed 
anastomosing tubular and sinusoidal structures, consis- 
tent with vascular channels 635 

The ability to directly visualize the circulation of blood 
in a tumor in the absence of lymphatics makes the an- 
giographic study of intraocular melanoma an ideal venue 
for investigating the functional perfusion of the patterned 
matrix-associated vascular channels in patients. Two pa- 
tients from a series of 18 patients whose uveal melano- 
mas were imaged clinically with this technique had their 
eyes removed after confocal angiography. One of these 
patients showed angiographic evidence of loops forming 
networks within the tumor (Figure 1G), and we detected 
PAS-positive network patterns in histological sections 
taken from this area of the tumor (Figure 1H). The other 
patient had angiographic evidence of only large, pre- 
existing choroidal vessels within the tumor (an absence 
of loops, Figure 11) and showed only normal choroidal 
vessels histologically and no looping patterns (Figure 
1J). 13 Unlike cutaneous melanoma, which is usually ac- 
cessible to biopsy without major morbidity, it is difficult to 
obtain representative quantities of tumor tissue from 
within the eye for histopathological analysis without risk- 
ing compromise to vision. Thus, the ability of ophthalmol- 
ogists to image prognostically significant microcirculatory 
patterns clinically in patients by confocal angiography or by 
ultrasound power spectrum analysis 36 provides noninva- 
sive substitutes for biopsy. 

Transmission Electron Microscopy of Melanoma 
Microcirculation Patterns 

By light microscopy, patterned matrix-associated vascu- 
lar channels containing red blood cells did not appear to 
be lined by endothelium. We therefore microdissected 
tissue sections from uveal melanomas to isolate tumor 
tissue containing PAS-positive loops and networks of 
loops (Figure 2A). Ultrastructurally, these vascular chan- 
nels were not lined by endothelium but were delimited by 
a thin basal lamina and were lined externally by tumor 
cells (Figure 2B) containing premelanosomes and mela- 
nosomes (Figure 2C). These ultrastructural findings con- 
firmed the light microscopic observations that melanoma 
cells were associated with these vascular channels and 
were situated on the outer surface of the tubular wall 
(Figure 2D) rather than internal, as would be expected of 
an endothelial lining. The presence of a basal lamina 
lining the vessel wall correlated with the PAS-positive 
staining of the patterned matrix in tissue sections. The 
PAS stain is used routinely in ophthalmic pathology to 
facilitate identification of critical intraocular basement 
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membrane structures such as Descemet's membrane, 
Bruch's membrane, and the internal limiting membrane of 
the retina. 



Immunohistochemical Profile of Melanoma 
Intratumoral Patterned Vascular Channels 

We and others had reported previously that it is possible 
to label PAS-positive patterns with Ulex, 7 ' 35 Factor VIII- 
related antigen, 6 CD31, 6 and CD34. 31 In light of the ab- 
sence of demonstrable endothelial cells by light and 
transmission electron microscopy in the matrix-associ- 
ated vascular channels, we further evaluated the distri- 
bution of endothelial markers within these patterns. 

We stained tissue sections of uveal melanomas con- 
taining abundant PAS-positive looping patterns and net- 
works for the distribution patterns of Factor Vlll-related 
antigen, Ulex europaeus agglutinin I, CD31, CD34, and 
KDR. As controls, we used either normal adjacent cho- 
roidal vasculature (which includes the fenestrated endo- 
thelium of the choriocapillaris), tissue sections of granu- 
lation tissue, or tissue sections of proliferative diabetic 
retinopathy— a classic example of ocular angiogenesis. 



The vessels of proliferative diabetic retinopathy labeled 
with endothelial cell markers, such as Factor Vlll-related 
antigen, appeared randomly clustered as discrete chan- 
nels (Figure 3A) and were clearly lined by endothelial 
cells (Figure 3B), as demonstrated with hematoxylin 
counterstaining. These angiogenically derived vascular 
structures of proliferative diabetic retinopathy are quite 
different from the patterned, interconnected, looping 
PAS-positive channels found within aggressive melano- 
mas (Figure 3C). 

Within a given tumor, staining for endothelial cell mark- 
ers such as Factor Vlll-related antigen (Figure 3D) or 
CD31 (Figure 3E) was weak, focal, and discontinuous 
along the patterns, frequently leaving most of the patterns 
unlabeled. By contrast, the normal vessels of the sur- 
rounding choroid labeled consistently with these markers 
and served as an internal positive control for endothelial 
cells. 

In portions of the patterns that failed to stain with 
endothelial cell markers, we frequently identified hollow 
tubes. Some endothelial cell markers, such as CD31, 
unexpectedly stained tumor cells in the vicinity of pat- 
terned tubes (Figure 3F). At high magnification, markers 
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Table 1. Effects of Conditioned Media and Soluble Factors on Formation of 'S 


'essels by Human Uveal Melanoma Cells 




Culture designation \ 


Cell phenotype 
'imentin/keratin IFs Invasive potential 


Added conditioned media 
(CM)/soluble factors 


Vessel 
formation 


UMEL-1 (normal choroid) 


+/- 


Poor (0.9 ± 0.008) 


Without CM 


~ 








With C918 CM 




0CM-1A (primary) 


+/- 


Poor (2.2 ± 0.09) 


Without CM 










With C918 CM 










With M619 CM 










With MUM-2B CM 










With bFGF, TGF-/3, VEGF, PDGF 




C918 (primary) 


+/+ 


High (12.9 ± 0.31) 


Without CM 


+ 








With UMEL-1 CM 










With OCM-1A CM 


+ 


M619 (primary) 


+/+ 


High (12.7 ± 0.4) 


Without CM 




MUM-2B (metastasis) 


+/+ 


High (13.3 ± 0.6) 


Without CM 





Scoring of tumor cell phenotype using classical pathology markers of vimentin (mesenchymal) and cytokeratins 8 and 18 (epithelial) intermediate 
filaments (IFs) was based on a positive (+) and negative (-) ranking system, determined by immunohistochemistry and/or Northern blot analysis. 
Invasiveness was calculated as the percentage of cells capable of invading a collagenous matrix-coated polycarbonate membrane over 24 hours 
within a membrane invasion culture system (MICS) compared with the total number of cells seeded (± SE; n = 6 wells per measurement and run in 
duplicate experiments). Conditioned media (CM)/soluble factors experiments were performed by treating designated 3D cultures of cells with CM from 
specific cell lines or exogenously added factors for 1 to 2 weeks in vitro, followed by microscopic scoring of vascular tube formation on 3D Matrigel or 
on Type I collagen gels. 



such as Factor Vlll-related antigen that stained the pat- 
terns were clearly seen to label the interior of the hollow 
lumen segmentally (Figure 3G), perhaps accounting for 
the discontinuous labeling seen in lower magnification 
(Figure 3D). We also noted that staining for endothelial 
cell markers such as Ulex (Figure 3H), CD34 (Figure 31), 
and KDR (Figure 3J) stained the lumen contents around 
red blood cells within the patterns. Furthermore, when 
endothelial markers stained the lumen contents of the 
patterns, they did not stain the lumen wall, and endothe- 
lial cell nuclei were not identified within the tubes by 
hematoxylin counterstaining. 

After double-labeling a tissue section of primary uveal 
melanoma with both CD31 and S-100 protein, we again 
did not detect staining of most of the patterns with CD31 
(Figure 3K), but we did observe intense staining of cells 
external to the lumen of the patterned channels with 
S-100 protein (staining for S-100 protein is characteristic 
of and consistent with melanoma cells, but not with 
vascular endothelium; Figure 3L). In fact, staining for 
S-1 00 protein was so intense that the tumor cells outlined 
the negatively labeled lumen of the patterned channels 
(Figure 3L). 

Therefore, by conventional light microscopy, transmis- 
sion electron microscopy, and an immunohistochemical 
panel of endothelial cell markers, the looping patterned 
matrix-associated vascular channels of aggressive melano- 
mas were not found to be lined by vascular endothelium. 

In Vitro Reconstitution of Patterned Matrix- 
Associated Vascular Channels by Cultured 
Aggressive Melanoma Cells 

The absence of endothelial cells lining the patterned 
matrix-associated vascular channels of aggressive and 
metastatic melanomas suggested that the melanoma cell 
phenotype might play a role in the generation of these 
patterns. To test this hypothesis, we examined the ca- 



pacity of melanoma cells of varying invasive and meta- 
static potential to recapitulate in vitro the network patterns 
seen in tissue sections in the absence of endothelial cells 
and fibroblasts. 

Human cultures of the highly invasive M619 (Figure 
4A) and C918 uveal melanoma cells, metastatic MUM-2B 
uveal melanoma cells (Figure 4B), and C8161 metastatic 
cutaneous melanoma cells (Figure 4C), all reconstituted 
with extraordinary fidelity the architectural patterns of 
loops and networks in vitro in gels containing Matrigel 
(Figure 4, A and C) or dilute Type I collagen (Figure 4B). 
These observations were specific for the aggressive mel- 
anoma cell phenotype, because poorly invasive OCM-1A 
uveal melanoma cells and normal UMEL-1 cells failed to 
form vessel networks in vitro under identical culture con- 
ditions on either Matrigel (Figure 4D) or dilute Type I 
collagen (Figure 4E). As in patient tissue samples, these 
in vitro tumor cell-generated patterned vascular channels 
were PAS-positive. 

We asked whether this pattern formation was induced 
by a factor secreted in the conditioned medium. Addition 
of conditioned media from the highly invasive and meta- 
static cell lines (M619, C918, MUM-2B) to poorly invasive 
cells (OCM-1A, UMEL-1) did not result in patterned vas- 
cular channel formation (Table 1). Moreover, basic fibro- 
blast growth factor (bFGF), transforming growth factor 
(TGF)-j3, vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), and tumor necro- 
sis factor (TNF)-a, tested individually or in combination, 
failed to induce formation of these networks when added 
to cultures of the poorly invasive cells. Similarly, no vas- 
cular channels were formed in <2% hypoxic conditions. 
Conversely, conditioned media from poorly invasive cells 
failed to inhibit in vitro vessel formation by highly invasive 
cells. Furthermore, commercially available blocking anti- 
bodies raised against ar vJ 3 3 or the u v subunit did not 
inhibit patterned channel formation even at concentra- 
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tions exceeding a 1 :20 dilution of the antibodies in culture 
media. 

The vascular patterns formed in vitro (Figure 4, A-C) 
compartmentalized spheroidal nests of tumor cells in a 
fashion identical to spheroidal tumor cell nests delimited 
by PAS-positive microvessels observed in tissue sections 
from primary and metastatic melanomas (compare Fig- 
ure 1 , B, C, and D, with Figure 4, A-C). The structures that 
delimit nests of tumor cells in vitro are both sinusoidal and 
tubular, as demonstrated by histological cross-section of 
the cultures (Figure 4F). 

We tested the perfusion characteristics of patterned 
tubular and sinusoidal channels generated by melanoma 
cells in vitro with the microinjection of dye into the sinu- 
soids of mature cultures (>2 weeks). Many of these tu- 
mor-generated channels were capable of holding the 
injected dye and distributing it over considerable dis- 
tances through the in vitro generated networks (Figure 4, G 
and H), reminiscent of the angiographic patterns seen in 
patients with indocyanine green angiography (Figure 1G). 

Biomechanical Potential of Highly Invasive and 
Poorly Invasive Melanoma Cells 

The invasive and metastatic uveal melanoma cell-gener- 
ated patterns consisted of a phase microscopic acellular 
translucent tubular network embedded in the underlying 
cell monolayer (Figure 5A), as demonstrated by direct 
microdissection (Figure 5B). These channels and sinu- 
soids evolved dynamically and anastomosed within the 
monolayer over a 3-day to 3-week period. Also, these 
networks in young cultures encircled subpopulations of 
tumor cells and varied widely in lumen diameter. By 
comparison, endothelial cell cords in vitro typically dem- 
onstrate a more uniform diameter on most matrices 37-40 
and most, if not all, of the cultured endothelial cells typ- 
ically participate in cord formation under identical media 
and matrix conditions without encircling subpopulations 
of endothelial cells (Figure 5C). The presence of sphe- 
roidal cell nests within the boundaries formed by tumor 
cell cords is not a characteristic feature of endothelial 
cord formation in Matrigel or on other matrices (compare 
Figure 5A with Figure 5C). Therefore, the presence of 



spheroidal nests of melanoma cells encircled by pat- 
terned, acellular hollow tubes in pure tumor cultures con- 
stitutes a major difference between tumor and endothelial 
cord formation under identical conditions. 

The potential of many cell types to generate cords, 
tessellations, and tube-like structures in vitro has been 
linked to their ability to constrict and remodel matrix 
fibers. 38 ' 41 In addition, highly invasive melanoma cells 
have been demonstrated to contract floating collagen 
gels. 42 Because we observed that highly invasive mela- 
noma cells could generate patterned vessels in vitro, we 
explored the ability of these cells to contract floating 
matrices as evidence of their matrix remodeling potential. 

First, we compared the ability of cultured melanoma 
cells of varying phenotypes with that of endothelial cells 
to contract gels during similar time periods with identical 
gel densities and media conditions. Endothelial cells con- 
tracted floating collagen gels within 48 hours (Figure 5D). 
Highly invasive C918 primary uveal melanoma cells and 
metastatic C8161 cutaneous melanoma cells all con- 
stricted floating collagen gels in a similar fashion within 
48 hours (Figure 5, E and F). In contrast, poorly invasive 
OCM-1A primary uveal melanoma cells did not constrict 
the gels at all, and tension lines were not observed any- 
where in the gel (Figure 5G), even after 3 weeks. Finally, 
when the gels were stained with a variety of vital dyes that 
label mitochondria, we noted that only the aggressive 
melanoma cell lines formed network patterns as they 
contracted the gels (Figure 5H). 

Next, we tested whether drugs that block the ability of 
actin microfilaments to transduce forces throughout the 
cell could block gel contraction reversibly. 24 By targeting 
actin, we found that the ability of highly invasive and 
metastatic cells to constrict matrices was blocked with 1 
jxmol/L cytochalasin-D and that this effect was reversible 
on removal of the drug (gels were observed to contract 
after the media was replaced and the drug removed; 
data not shown). Thus, the biomechanical ability of cells 
to remodel matrices, a mechanical prerequisite for tube 
formation, is linked to the invasive and metastatic tumor 
cell phenotype and does not occur with poorly invasive 
cells. 
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cDNA Microarray Analysis: Comparison 
between Poorly Invasive and Highly Invasive 
Melanoma Cells 

We compared poorly invasive and highly invasive uveal 
melanoma cells derived from the same patient using 



hybridization to cDNA microarrays. 26,43 This approach 
allowed the expression analysis of 5000 genes simulta- 
neously. Comprehensive results will be provided else- 
where, but, as illustrated in Table 2, numerous genes 
whose expression patterns were altered in association 
with the invasive phenotype further validated our histo- 
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logical and in vitro observations. Briefly summarized, of 
the 210 known genes that were differentially expressed in 
these tumor populations, approximately 15 have been 
associated previously with the endothelial/vascular phe- 
notype. Examples include tyrosine kinase with immuno- 
globulin and epidermal growth factor homology domains 
(TIE-1), an endothelial receptor kinase involved in vessel 
formation and maturation, 44 urokinase-type plasminogen 
activator (uPA), epithelial cell kinase (ECK).and keratin 8 
intermediate filament, which collectively support the de- 
regulated embryonic-like phenotype displayed by the 
highly invasive melanoma cells. 45 A series of genes that 
would generate relevant biological molecules to form 
microvascular channels were also observed to be over- 
expressed in the aggressive melanoma cells including 
connective tissue growth factor (CTGF), the extracellular 
matrix-associated fibrillin, collagens VI 17 and I, and fi- 



bronectin. Genes shown to be underexpressed in the 
highly invasive cells included myosin light-chain kinase, 
whose deregulation product might alter actomyosin inter- 
actions. In summary, the cDNA microarray analysis of 
highly invasive versus poorly invasive melanoma tumor 
cells confirmed a genetic reversion to a pluripotent em- 
bryonic-like genotype in the highly aggressive melanoma 
cells. 



Discussion 

Until now, it has been taken for granted that all intratu- 
moral vascular channels are formed and lined by endo- 
thelial cells. The demonstration that human melanoma 
cells containing melanosomes and premelanosomes are 
found lining patterned vascular channels in patients' pri- 
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Table 2. Microarray Analysis of Highly Invasive/Metastatic versus Poorly Invasive Uveal Melanoma Cells 



Protein 


Symbol 


Unigene 


Function 


Ratio* 


Endothelial receptor kinase 


TIE-1 


Hs. 78824 


Receptor tyrosine kinase 


>100 


Urokinase-type plasminogen activator 


PLAU 


Hs. 77274 


Proteolysis 


80 


Epithelial cell kinase 


ECK 


Hs.32197 


Receptor tyrosine kinase 


77 


Connective tissue growth factor 
Keratin 8 


CTGF 


Hs.7551 1 


Growth factor 


35 


KRT8 


Hs. 78271 


Intermediate filament 


18 


Fibrillin 


FNB1 


Hs.750 


Extracellular matrix 


12 


Collagen VI 


COL6A1 


Hs. 80988 


Extracellular matrix 


6.7 


Fibronectin 


FN1 


Hs. 100056 


Extracellular matrix 


4.2 


Collagen 1, a-2 


COL1A2 


Hs.90283 


Extracellular matrix 


2.5 


Myosin light chain kinase 


MYLK 


Hs.75950 


Regulator of contractility 


0.12 



Altered gene expression in human uveal melanoma cells was identified by cDNA microarray analysis. 

•Relevant expression of selected genes significant for vascular channel formation is reported as the ratio of highly invasive and metastatic to poorly 
invasive uveal melanoma cells. 



mary and metastatic tumors, and that these tumor cells 
generate a functional perfusable network in vitro, calls for 
reappraisal of the current assumption that endothelial 
cell-mediated angiogenesis is the only mechanism un- 
derlying or responsible for tumor growth and metastasis. 

Our observations address the intriguing cellular and 
molecular mechanisms underlying the formation of pat- 
terned vascular channels found in the most aggressive 
primary intraocular (uveal) melanomas and their metas- 
tases and in metastatic cutaneous melanomas. The data 
reveal that: (i) the patterned vascular channels of aggres- 
sive primary and metastatic melanoma are different from 
endothelial-derived angiogenic vessels; (ii) highly inva- 
sive melanoma cells, but not poorly invasive ones, recon- 
stitute the patterned vascular channels seen in human 
tumor tissue in vitro in the absence of endothelium; (iii) the 
tumor cells that generate the patterned vascular chan- 
nels are deregulated and aberrantly express genes here- 
tofore associated with embryonic stem cells including 
those associated with primordial vascular development; 
and (iv) the generation of patterned vascular channels by 
deregulated aggressive tumor cells in human melanomas 
is a novel pathway to generate microcirculation in a tumor 
and facilitate metastasis. 

The patterned vascular channels characteristic of ag- 
gressive primary and metastatic melanoma are different 
from angiogenic vessels in that (i) vascular channels in 
aggressive melanomas are embedded in highly pat- 
terned matrix (Figure 1 , B-D), whereas angiogenic ves- 
sels (the growth of new blood vessels from a pre-existing 
microcirculation) are characterized by clusters of vessels 
and are not patterned (Figure 3, A and B); (ii) the pat- 
terned melanoma vascular channels were not found to be 
lined by endothelium by light microscopy (Figures 1E, 
2B, and 3, F-L), transmission electron microscopy (Figure 
2, B and C), and immunohistochemistry (Figure 3, D-L), 
whereas the contribution of an endothelium to angiogenic 
vessels in proliferative diabetic retinopathy and normal 
vessels in the adjacent normal tissue is clearly identified 
by light microscopy and immunohistochemistry (Figure 3, 
A and B); and (iii) the architecture of the matrix-associ- 
ated vascular channels, characterized by interconnected 
loops and networks, although not typical of angiogenesis, 
is characteristic of vasculogenesis (formation of net- 
worked microvasculature by incorporation of cells) 2 



Highly invasive melanoma cells reconstitute in vitro the 
patterned matrix-associated vascular channels seen in 
human melanomas in the absence of endothelial cells 
and fibroblasts. In contrast, poorly invasive melanoma 
cells are not capable of generating the biomechanical 
properties (ie, capable of contracting matrices) required 
to generate patterned acellular vascular channels in vitro. 
The ability of highly invasive, but not poorly invasive, 
melanoma cells to generate patterned vascular channels 
in vitro helps to explain the very strong association be- 
tween the presence of the vascular channel-associated 
patterns in patient tissues and death from metastatic 
melanoma (Figure 1F). 4 

The formation of a microcirculation by cells other than 
endothelial cells has been reported in normal embryonic 
tissues, but not previously in the context of tumor pro- 
gression. For example, there is strong evidence suggest- 
ing that human cytotrophoblasts adopt an endothelial cell 
phenotype as they participate in the establishment of the 
human placenta and primordial microcirculation. 46 " 48 In- 
deed, invasive melanoma cells capable of generating a 
patterned microcirculation in vitro express inappropriate 
markers. For example, we previously showed that highly 
invasive and metastatic melanoma cells (but not poorly 
invasive cells) express embryonic keratins in addition to 
their classical vimentin intermediate filament marker. 45 
Moreover, highly invasive, but not poorly invasive, mela- 
noma cells express the c-mef proto-oncogene and dem- 
onstrate responsiveness to scatter factor (HGF/SF), a 
potent mitogen, morphogen, and motogen. 49 Finally, 
cDNA microarray analysis, comparing poorly invasive 
with highly invasive melanoma cells, discloses a variety 
of differential gene expression associated with a combi- 
nation of phenotypes including endothelium (TIE-1) and 
epithelium (keratin 8), suggesting a genetic reversion to a 
pluripotent embryonic-like phenotype. The ability of 
highly invasive melanoma cells to generate patterned 
vascular channels may be one of many important pluri- 
potent manifestations of this embryonic-like phenotype, 
which ensures remodeling, perfusion, tumor cell viability, 
and a dissemination mechanism. 

Analysis of differential gene expression between highly 
and poorly invasive melanoma cells supports our obser- 
vation that highly invasive cells generate a patterned 
paracirculation in vitro. The underexpression of myosin 
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light chain kinase, 50 a regulator of contractility, in highly 
invasive melanoma cells is consistent with the differential 
ability of these, but not of poorly invasive melanoma cells, 
to contract matrices and form a patterned paracirculation 
(Figures 4 and 5). 

Our data suggest that tumor cell-generated vascular 
channels provide a blood supply required for growth and 
metastasis without the influence of soluble tropic factors 
associated with stimulated angiogenesis in other con- 
texts, such as diabetic retinopathy in the eye. The gen- 
eration of highly patterned and functional vascular chan- 
nels by the tumor itself is a marker of the aggressive 
tumor cell phenotype. The generation of the patterned 
melanoma microcirculation is vasculogenic mimicry me- 
diated by the tumor cells themselves and may function 
independently of tumor angiogenic mechanisms during 
various phases of tumor progression. Therefore, the 
unique observations reported here should serve as a 
catalyst for exploring patterned vascular channel forma- 
tion in other tumors and may provide new clues for the 
development of novel treatment modalities that target the 
molecular basis for the unique architecture of the tumor- 
generated microcirculation. 51 ' 52 
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Neoplastic growth is usually dependent on blood sup- 
ply, and it is commonly accepted that this is provided 
by the formation of new vessels. However, tumors 
may be able to grow without neovascularization if 
they find a suitable vascular bed available. We have 
investigated the pattern of vascularization in a series 
of 500 primary stage 1 non-small-cell lung carcino- 
mas. Immunostaining of endothelial cells has high- 
lighted four distinct patterns of vascularization. Three 
patterns (which we called basal, papillary, and dif- 
fuse) have in common the destruction of normal lung 
and the production of newly formed vessels and 
stroma. The fourth pattern, which we called alveolar 
or putative nonangiogenic , was observed in 16% (80/ 
500) of the cases and is characterized by lack of pa- 
renchymal destruction and absence of both tumor- 
associated stroma and new vessels. The only vessels 
present were the ones in the alveolar septa, and then- 
presence highlighted, through the whole tumor, the 
lung alveoli filled up by the neoplastic cells. This 
observation suggests that, if an appropriate vascular 
bed is available, a tumor can exploit it and grows 
without inducing neo-angiogenesis. This could have 
implications for strategies aimed at inhibiting tumor 
growth by vascular targeting or inhibition of angio- 
genesis. (Am J Pathol 1997, 151:1417-1423) 



In recent years, the essential roie played by angiogenesis 
in neoplastic growth has been carefully investigated. The 
hypothesis that tumor growth is dependent on angiogen- 



esis was formulated in 1971 by Folkman 1 who later stated 
it in the following terms: "Once a tumor 'take' has oc- 
curred, every increase in tumor cell population must be 
preceded by an increase in new capillaries converging 
on the tumor." 2 

A large number of studies have demonstrated that 
tumors grow first with-an avascular phase in which they 
do not became larger than 1 or 2 mm, and any further 
growth must be supported by growth of new vessels. 2 
Tumor angiogenesis (ie, growth of new vessels) is not an 
isolated phenomenon but is part of a complex process 
that involves destruction of the existing normal paren- 
chyma by enzymes such as metalloproteinases and re- 
modeling of extracellular matrix surrounding the vessels 
from which buds of new vessels emerge. Production of 
newly formed extracellular matrix, the so-called tumor- 
associated stroma, must occur as well to support both 
the new vessels and the neoplastic cells. 3-5 To trigger 
this series of events, essential for successful growth, the 
tumor cells must be able to produce a variety of enzymes, 
growth factors, and angiogenic factors as well as inhib- 
iting the synthesis of other molecules that posses anti- 
angiogenic activity. 4 

The clinical relevance of intratumor microvessel den- 
sity has been highlighted by studies demonstrating, in a 
variety of different malignancies, that the higher the mi- 
crovessel density, the poorer the clinical outcome 6-9 In 
all of these studies, tumor vascularization has always 
been considered as synonymous with neo-angiogenesis. 
This assumption is based on the fact that the normal 
tissue has been replaced by the neoplasm and that new 
vessels have developed within the tumor-associated 
stroma. This leads to the conclusion that, to grow, a tumor 
needs to produce new vessels and that the richer this 
vascularization, the better the growth. 

Another hypothesis is that, if a tumor can obtain an 
efficient blood supply from a suitable vascular bed that 
already exists, then it could grow without the production 
of new vessels. The association between high microves- 
sel density and poor prognosis has not been demon- 
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Table 1. Characteristics of the 500 S 
in the Present Study 



i for Non-Small-Cell Carcinoma of .the Lung Investigated 



Number of 

patients (%) Sex (M/F) 



Adenocarcinoma 
Squamous carcinoma 
Others* 
All types 



per day Nonsmokers known 



26.8 
26.2 
29.9 
26.6 



17 (8.3%) 
2 (0.9%) 
6(13%)' 

25 (5.5%) 



66 (31.5%) 
57 (23.3%) 
5(11%) 



144 (68.5%) 
188 (76.7%) 
40 (89%) 



12 128(25.6%) 372(74.4%) 



"Eleven bronchioalveolar, fifteen large-cell, three adenosquamous, and si 



strated in all tumors. In squamous cell carcinoma of the 
tongue, 10 no association has been found with overall 
survival and node metastases. The above hypothesis 
could explain these contradictory findings; if, in highly 
vascularized organs, such as the tongue, the pre-existing 
vessels were able to provide the blood supply essential 
for tumor progression, they, rather than the intratumor 
newly formed vessels, could dictate the clinical course of 
the tumor. 7 . 

Studies of non-small-cell carcinoma of the lung have 
shown that intratumor microvessel density is relevant to 
progression and is associated with lymph node node 
status. 1 1-17 We have recently investigated 18 the prognos- 
tic value of a group of biological markers in a large series 
of primary stage I (pT1 pT2 NO) non-small-cell carcino- 
mas of the lung undergoing surgery, and among the 
markers analyzed were the intratumor vessels. It was 
noticed that in a subgroup of non-small-cell carcinoma 
there was no evidence of neo-angiogenesis, but the tu- 
mor appeared to exploit the existing lung vessels. 

The aim of the present study is to describe in detail the 
histological features of the vascular patterns in these 
tumors and their correlation with some clinical and bio- 
logical characteristics. . 



Materials and Methods 

Clinical Details 

From January 1974 to December 1990, 608 consecutive 
patients underwent surgical resection at the Division of 
Thoracic Surgery of the Istituto Nazionale Tumori (Milano, 
Italy) for pathological stage I (pT1-2, NO, M0, RO) 19 non- 
small-cell lung cancer. After pathological review and im- 
munostaining for CD31 , 500 patients were included in the 
present study. The main clinical features of these patients 
are illustrated in Table 1. Clinical follow-up was intensive 
in this population with the purpose of detecting relapse 
and second primary tumors and consisted of routine 
sputum cytology and chest x-rays every 3 months during 
the first 3 years, every 6 months up to 5 years, and yearly 
thereafter. The follow-up was updated in July 1995, with a 
median time of observation of 64 months overall and 102 
months for alive patients. 



Pathological Classification 

All of the histopathological specimens (formalin fixed 
and paraffin embedded) available for each patient 
were retrieved from the files of the Division of Pathology 
of the Istituto Nazionale Tumori and reviewed to select 
the most suitable samples for analysis. At least one 
representative sample for each tumor was selected. 
The histopathological typing was performed on con- 
ventional hematoxylin and eosin staining according to 
the World Health Organization 20 and the Armed Forces 
Institute of Pathology 21 In mixed types, the distinction 
between squamous carcinomas and adenocarcinomas 
was made according to the predominant cell type. In 
addition to histopathological classification, these sec- 
tions were used for immunocytochemical analysis. 

Immunocytochemistry 

Blood vessels were identified by immunostaining with 
the anti-CD31 JC70 monoclonal antibody 22 (courtesy 
of Dr. D. Mason, Oxford). The following immunocyto- 
chemical markers were also tested: the laminin recep- 
tor (Ab M-Luc5), 23 associated with invasion and 
metastases; the proto-oncogene products of C-enbB1/ 
EGFR (Ab 31 G7, TRITON Diagnostic, Alameda, CA) 
and fc>c/-2 24 (clone 100, courtesy of Dr. D. Mason, 




Figure 1. Basal pattern, immunostaining for CD31 (antibody JC70; immuno- 
\EC method). A: Nests of neoplastic epithelial cells are sur- 
rounded by stroma in which vessels are present. Magnification, X25. B: 
Vessels are present in the stroma beneath the neoplastic epithelium (arrows). 
Magnification, X100. 
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Figure 2. Papillary pattern, immunostaining for CD31 (antibody JC70; immu- figure 3. Diffuse pattern, immunostaining for CD31 (antibody JC70; immu- 

noperoxidase/AEC method). A and B: Tumor with papillary pattern sur- noperoxidase/AEC method). A: A diffuse neoplastic proliferation without 

rounded by tumor-associated stroma. Magnification, X25 (A) and X40 (B). any identifiable architecture is seen. Magnification, X25. B: Vessels and 

C: Papillae made up by a fibrous stalk lined by neoplastic cells. Immuno- stroma (arrows) are randomly scattered throughout the tumor, mixed up 

staining for CD31 shows vessels in the stalk. Magnification, X100. wim [he neop)astic epithelial cells. Magnification, X100. 



Oxford); and the tumor suppressor gene product p53 
(Ab D07, Ylem-Novocastra, Newcastle upon Tyne, 
UK). 

Briefly, formalin-fixed, paraffin-embedded tissue 
sections were cut and mounted on slides coated with 
poly-L-lysine (Sigma Chemical Co., St. Louis, MO), de- 
waxed in xylene, and rehydrated in alcohol, and en- 
dogenous peroxidase activity was blocked by treat- 
ment for 30 minutes with 3% hydrogen peroxide in 
methanol. Each antibody immunodetection was inves- 
tigated using biotinylated goat anti-mouse or -rabbit 
IgG (Dako, Carpinteria, CA) followed by a final incuba- 
tion with steptavidin-conjugated horseradish peroxi- 
dase (Dako). The peroxidase activity was detected by 
aminoethyl carbazole (AEC). For p53, Bcl-2, and CD31 
staining, before inactivation of endogenous peroxidase 
activity, the sections were immersed in 10 mmol/L ci- 
trate buffer (in distilled water, pH 6.0) and subjected to 
microwave irradiation for two cycles of 8 and 5 min- 
utes, separated by a 5-minute pause at 700 W. 25 For 
epidermal growth factor receptor (EGFR) immunostain- 
ing, before treatment with the primary antibody, sec- 
tions were subjected to enzyme digestion for 5 minutes 
at 37°C with 0.1% Pronase E (Sigma). Staining without 
antibody was routinely performed as a negative control 
procedure. 



Evaluation of Tumor Vascularity 

Microvessel density was evaluated by the use of the 
Chalkley grid. 26 Briefly, vessel counting was performed 
in three areas of maximal vascularization where the 
highest number of discrete microvessels was stained. 
Vessel count was then estimated using a 25-point 
Chalkley eyepiece grid at x200 magnification. The grid 
was rotated in the eyepiece to where the maximal 
number of grid dots overlay immunohistochemically 
identified vessels or their lumina. 



Statistical Analysis 

The 2 x 2 and r x c frequency tables, the two-sample 
f-test, and the value of F with the one-way analysis of 
variance were calculated as described by Altman. 27 



Results 

Description of Vascular Architecture in Non- 
Small-Cell Lung Carcinomas 

Immunostaining of endothelial ceils in these 500 cases 
has highlighted four distinct patterns of vascularization in 
lung tumors. 

Basal 

The basic structure of a mucosa is reproduced. Neoplas- 
tic cells are arranged in epithelial nests surrounded by 
connective tissue. Most of the vessels are in the connective 
tissue beneath the neoplastic epithelium (Figure 1). 



Papillary 

In this pattern, the vessels are in a stromal stalk, which 
is covered by neoplastic cells, mostly as a monolayer 
(Figure 2). The normal lung alveolar pattern is usually 
recognizable in some areas of the tumor, but remodeling 
of the alveolar structure with destruction of normal lung 
and papillary growth invariably occurs (Figure 2). 



Diffuse 

The normal lung architecture is diffusely replaced. 
New vessels and stroma are produced intimately ad- 
mixed with neoplastic cells but without any recognizable 
architectural structure (Figure 3). 
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Figure 4. Alveolar pattern, immune-staining for 
CD31 (antibody JC70; immunoperoxidase/AEC 
method). A: Normal lung in which air-filled al- 
veolar spaces are identified by asterisks Mag 
nification, X25. B: Lung in which a carcinoma is 
growing with an alveolar pattern; staining for 
CD31 shows the alveolar vessels highlighting the 
normal lung architecture. This pattern is present 
throughout the whole lesion. The alveolar 
spaces (asterisks) are now filled up by neoplas- 
tic epithelial cells. Some anthracytic pigment is 
present in the trapped parenchyma (arrow). 
Magnification, X40. C: Normal lung. Magnifica- 
tion, X 100. D: Alveolar spaces filled up by tumor 
cells. The only visible vessels (arrows) are in the 
trapped alveolar septum. Magnification, X100. 
E: Normal lung. Anthracytic pigment is present 
in the alveolar septa (arrows). Magnification, 
X 160. F: Anthracytic pigment can be seen in the 
trapped alveolar septum (arrows). Magnifica- 
tion, X160. 





Alveolar 

The only vessels evident in this pattern arises from the 
alveolar septa and highlight the alveolar network of the 
lung entrapped by neoplastic cells (Figure 4). The likeli- 
hood that the vessels observed are the alveolar vessels is 
suggested not only by their arrangement according to the 
normal lung architecture but also by the presence in the 
surrounding stroma tissue of anthracytic pigment (Figure 
4, B, E, and F). The amount of anthracytic pigment is 
highly variable from case to case but within the same 
lung appears to be comparable inside the tumor and in 
the surrounding uninvolved parenchyma. The tumor 
grows in a solid fashion filling the alveolar spaces. Nei- 
ther endothelial cells nor tumor-associated stroma are 
present among the neoplastic cells. An alveolar pattern of 
spread is very common, also in this series, at the periph- 
ery of lung tumors 21 - 28 ; we have classified as alveolar 
(nonangiogenic) cases only the ones presenting this pat- 
tern through the whole tumor and not just on the edge. 

The first three patterns have in common the destruction of 
normal lung and production of newly formed vessels and 
stroma. The alveolar pattern is characterized by lack of 
parenchyma destruction, lack of tumor-associated stroma, 
and lack of intratumor vessels; we have therefore consid- 



ered cases with this pattern as putative nonangiogenic tu- 
mors. 

We have classified our series of tumors according to 
these patterns. When more than one pattern was present it 
was scored according the predominant one, as for stan- 
dard lung cancer grading. 29 The alveolar pattern ac- 
counted for 16% (Table 2) of the cases. In 34 of 80 cases 
classified as alveolar, a second pattern was present, but it 
never accounted for more than 5% of the tumor. 



Association with Clinico-Pathological Factors 

No differences were found, using the two-sample f-test, 
when comparing patients with angiogenic versus patients 
with putative nonangiogenic tumors for sex, age, or mean 
of daily cigarettes smoked and smoking status (data not 
shown). However, when the four patterns were compared 
separately using the r x c frequency tables as shown in 
Table 2, the incidence of nonsmokers was lower than 
expected among patients with basal pattern and higher 
among patients with papillary pattern. An uneven inci- 
dence of female patients was observed among the four 
groups; it was lower than expected among patients with 
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basal pattern and higher among patients with papillary 
pattern (Table 2). 

The average microvessel density in angiogenic and 
putative nonangiogenic tumors is the same (by the one- 
way analysis of variance); however, it must be kept in 
mind that the vessels counted in the putative nonangio- 
genic tumors are the normal lung vessels trapped by the 
tumor. No difference was found as far as the stage of the 
tumor was concerned by performing an analysis with 
frequency tables. Using the same technique, a significant 
association was found between vascular patterns and 
histiotype (P < 0.0005; Table 2); the basal pattern was 
associated with squamous cell carcinomas and the pap- 
illary with adenocarcinomas whereas the diffuse and the 
alveolar patterns were equally represented in both. Also, 
the grading was significantly associated with patterns 
(P < 0.0005; Table 2); the papillary pattern was associ- 
ated with well differentiated whereas the diffuse and al- 
veolar patterns were present in poorly differentiated car- 
cinomas. 

The relationship between the vascular patterns and the 
: biological markers has been investigated by the r x c 
I frequency tables and is detailed in Table 3. An associa- 
i tion has been found between all of the four markers 
\ investigated and the vascular patterns. The basal pattern 
I had a higher incidence than expected of cases express- 
l ing bcl-2 and laminin receptor, and the papillary pattern 
I showed a lower number of Bcl-2, p53, and EGFR-positive 
i: tumors. A lower incidence of Bcl-2-positive and laminin- 
§■ receptor-positive cases characterized the diffuse pattern 
(■ whereas the alveolar had a higher incidence of tumors 
I expressing bcl-2. 

i In Table 2 we show that an association is also present 
I between the alveolar pattern and a higher incidence of 
| distant metastases (P < 0.025, as calculated by 2 x 2 
| frequency tables). When we looked at the site of metas- 
\ tases, a higher incidence of bone, nodal, and brain re- 
i currence in patients with alveolar tumors is seen, al- 
ii though statistical significance is not reached. 

A summary of the main characteristics of the four types 
of tumors identified is reported in Table 4. 



Discussion 

In this paper we report a novel finding: the identification 
of clinically detectable carcinomas that have no morpho- 
logical evidence of neo-angiogenesis but appear to grow 
by exploiting the vessels present in the normal tissue. 

The existence of these tumors has been predicted 7 but 
not previously identified. We have been able to demon- 
strate putative nonangiogenic tumors in the lung because 
of the unique structure of this organ, but their occurrence 
also in other tissues is likely. Lung parenchyma is made 
up of alveolar septa arranged in a highly regular pattern. 
The septa define empty spaces, the alveoli, which are 
filled with air. The task of this organ is to allow the ex- 
change of gases between air and blood. Together with 
air, carbon particles present in pollution also reach the 
alveoli and accumulate in the alveolar walls, around the 
vessels, providing a unique in vivo labeling of these ana- 



tomical structures. When a nonangiogenic carcinoma de- 
velops, the neoplastic cells fill the alveoli without destroy- 
ing the normal lung architecture, which survives "frozen" 
by the carcinoma and is easily recognized by its regular 
pattern. The presence of anthracytic pigment inside the 
alveolar walls, alongside the vessels, is a further sugges- 
tion that the only vessels observed are the normal ones. 
This supports the hypothesis that, if an appropriate vas- 
cular bed is available, a tumor can exploit it. Neoplastic 
cells without neovascularization filling the alveoli are a 
common finding on the edge of many lung tumors, but in 
the nonangiogenic tumors, this pattern is uniformly 
present throughout the whole tumor. This suggests that 
cells on the edge of the tumor commonly use existing 
vessels, but then in some tumors neoplastic cells switch 
to angiogenesis, whereas in other tumors, they do not. 

Such a finding is not limited to primary carcinoma, but 
we also have noted that some metastatic carcinomas in 
the lung have the same appearance. 17 

These conclusions are based on morphology and raise 
two main question's. The first one is whether the neoplas- 
tic cells are truly in a nonangiogenic status, as suggested 
by the apparent lack of new vessel formation. Immuno- 
staining of these tumors for angiogenic factors, such as 
vascular endothelial or platelet-derived growth factors, 
will be the next step. However, because anti-angiogenic 
factors cannot be demonstrated yet in such a way, func- 
tional and biochemical assays also will be necessary to 
fully characterize the angiogenic status of these tumors. 

The second point concerns the vessels. A series of im- 
munohistochemical studies, eg, looking at PECAM-1 or in- 
tegrins, will be necessary to gather more information about 
the status of these vessels as far as activation, proliferation, 
and status of the surrounding stroma is concerned. All of 
these investigations are now being planned. 

The angiogenic tumors destroy the lung parenchyma 
and elicit the formation of new stroma and vessels. The 
relationship among neoplastic cells, vessels, and epithe- 
lium has allowed us to identify three different patterns. In 
the papillary pattern, almost exclusively present in ade- 
nocarcinoma, cells exploit alveolar structures, but remod- 
eling does invariably occur and the lung architecture is 
replaced by a papillary tumor growing along newly 
formed fibrovascular stalks. A peculiar distribution pat- 
tern of vessels comparable to the one we called basal 
was reported as mostly associated with squamous cell 
carcinomas by Yuan et al. 14 The same authors reported 
that in adenocarcinomas a different distribution pattern is 
present; vessels are mostly either around the neoplastic 
gland or in the stalk of the papillary structure, as we have 
reported in what we called the papillary pattern. 

The arrangement of the tumor according to these vas- 
cular patterns is likely to reflect also several underlying 
biological differences. The angiogenic patterns are all 
likely to express proteases to destroy the normal paren- 
chyma, growth factors to elicit tumor-associated stroma 
formation, and angiogenic factors. Furthermore, the 
basal and papillary patterns have still the capacity to 
reproduce the basic structure of a mucosa in which the 
epithelial cells lie over a supporting stroma in which the 
vessels are present, probably through the maintenance 
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Table 2. Characteristics of the Tumors According to the Vascular Patterns 



1 






Angiogenic tumors 


Diffuse 


Nonangiogenic 
tumors 
Alveolar 


P value 


Number of cases 




198 


71 


151 


80 




Sex (M/F) 




192/6 


58/13 


142/9 


74/6 




% female 




3% 


18% 


6% 


7.5% 


<0.0005* 


Smokers 




192 


59 


139 


73 




Mean cigarettes/day 




26.8 


27.3 


26.9 


25.6 




Nonsmokers (%) 




2(1%) 


10(14.5%) 


10(6.7%) 


3 (3.9%) 


<0.0005* 


Not known 




4 


2 


2 


4 








141 


49 


107 


47 


<0.05 t 


Metastases 




46 (23.3%) 


18(25.3%) 


36 (23.8%) 


29 (36.3%) 


<0.025 t 


Histiotype 














Adenocarcinoma 




35(17.7%) 


59 (83%) 


77 (51%) 


39 (49%) 


<0.0005* 


Squamous cell carcinoma 




152 (76.8%) 


5 (7%) 


54 (36%) 


34 (48%) 




Others 




11 (5.5%) 


7 (10%) 


20(13%) 


7 (9%) 




Grading (available on 447 c 


ises only) 












Total 






61 


127 


73 




Well differentiated 




1 50(27%) 


37 (60.5%) 


33 (26%) 


4(5.5%) 


<0.0005* 


Moderately differentiated 




97 (52%) 


18 (29.5%) 


48 (38%) 


36(49.3%) 




Poorly differentiated 




39 (21%) 


6(10%) 


46 (36%) 


33 (45.2%) 




*P value calculated by the r x c 
+ P value calculated using a 2 x 


frequency table 
2 frequency tat 


le to compare all of the angiogenic versus 


the nonangiogeni 







of complex systems mediated by adhesion molecules. 
Such ability is lost in the diffuse group where epithelial 
cells, stroma, and vessels are present but mixed up 
without any topographic order. The putative nonangio- 
genic carcinomas differ in many aspects and it will be of 
interest to compare proteases, growth factors, and an- 
giogenic factors, which may be expressed only at basal 
levels or prevented from acting by the presence of inhib- 
iting factors (eg, angiostatin). These tumors do not de- 
stroy the lung parenchyma and do not have tumor-asso- 
ciated stroma or new vessels. 

The putative nonangiogenic tumors are highly aggres- 
sive, 18 and vessels could still play a key role. Their vas- 
cular density, due to the normal lung blood supply, is not 
higher than the other group but is likely to be more 
effective for several reasons. Locally, they can grow effi- 
ciently by exploiting the highly regular vascular network 
of the lung and progress by filling the empty alveolar 
spaces rather than destroying them and then building up 
new neoplastic tissue. Lung vessels also offer a vascular 
window 7 that can probably favor neoplastic spread. It 
remains to be seen whether these cells have angiogenic 
potential of their own or whether they rely on vessels 
present in other organs for growth of metastases. Cer- 
tainly, they have a high metastatic potential and, in our 
series of 500 stage I cases, we have found that patients 
with these tumors have 25% more metastases than other 



patients, a figure that appears to have some statistical 
although weak meaning, as shown in Table 2. It is very 
likely that some of these cells acquire the ability to de- 
velop metastases infiltrating solid organs and then pro- 
duce neo-angiogenesis. 

The identification of these patterns could be the first 
step toward a new grading system of lung non-small-cell 
lung carcinoma. It has always been controversial whether 
the current grading system of lung tumors was of prog- 
nostic value. 30 As we have reported, there is a correlation 
between the papillary pattern and the well differentiated 
grade of tumor as defined currently, but we can split, as 
far as prognosis is concerned, the poorly differentiated 
into two types: the diffuse subtype, which is angiogenic, 
and the alveolar, which is likely to be nonangiogenic. 
Perhaps a combination of architecture and other prog- 
nostic markers easily identifiable and reproducible, such 
as mitotic rate, could lead to a grading system with 
prognostic value, similar to that already in use for breast 
cancer, which is based not only on nuclear atypia and 
number of mitoses but also on architectural parameters 
such as the ability to form glands. 31 

The identification and the investigation of the biological 
characteristics of these nonangiogenic tumors will be of 
paramount importance not only to better understand the 
origin of both primary and metastatic neoplasms but also 
for better planning of treatment. The possibility for clones 



Table 3. Vascular Patterns and Tumor-Related Protein Expression 




Basal (positive/ 
total) 


Papillary 
(positive/total) 


Diffuse 
(positive/total) 


Alveolar 
(positive/total) 


P value* 


Bcl-2 
p53 
EGFR 
Laminin 
receptor 


19.5% (35/179) 
52% (100/193) 

53.5% (104/194) 
64% (127/198) 


5% (3/62) 
21% (14/67) 
32.5% (23/71) 
52% (37/71) 


6% (8/141) 
43% (61/143) 
53.5% (79/148) 
46% (69/151) 


24% (18/76) 
55% (43/78) 
43% (34/79) 
54% (43/80) 


<0.0005 
<0.0005 
<0.05 
<0.005 



"P value calculated byrxc frequency tables. 
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Table 4. Summary of the Main Features According to the Vascular Patterns 



Angiogenesis patterns 







Papillary 






Mucosa architecture 


Reproduced 


Reproduced 


Absent 


Absent 


Normal lung 


Destroyed 


Destroyed 


Destroyed 


Preserved 


New vessels 


Present 


Present 


Present 


Absent 


Tumor associated Stroma 


Present 


Present 


Present 


Absent 


Non-smoker patients 


Lower incidence 


Higher incidence 


Expected incidence 


Expected incidence 


Prevalent histiotype 


Squamous 


Adenocarcinoma 


None 


None 


Prevalent grading 


None 


Well differentiated 


Poorly differentiated 


Poorly differentiated 


Higher than expected number of 


Bcl-2, laminin 






Bcl-2 


cases positive for* 


receptor 








Lower than expected number of 
cases positive for* 




Bcl-2, p53, EGFR 


Bcl-2, laminin 








receptor 





*As reported in Table 3. 



without or with low angiogenic capacity to give origin to a 
clinical evident primary lung carcinoma suggests this 
type of disease will be resistant to treatment with anti- 
angiogenic drugs. 
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In this work, highly infiltrative brain tumors with a stem-like 
phenotype were established by xenotransplantation of human 
brain tumors in immunodeficient nude rats. These tumors coopted 
the host vasculature and presented as an aggressive disease 
without signs of angiogenesis. The malignant cells expressed 
neural stem cell markers, showed a migratory behavior similar to 
normal human neural stem cells, and gave rise to tumors in vivo 
after regrafting. Serial passages in animals gradually transformed 
the tumors into an angiogenesis-dependent phenotype. This pro- 
cess was characterized by a reduction in stem cells markers. Gene 
expression profiling combined with high throughput immunoblot- 
ting analyses of the angiogenic and nonangiogenic tumors iden- 
tified distinct signaling networks in the two phenotypes. Further- 
more, proinvasive genes were up-regulated and angiogenesis 
signaling genes were down-regulated in the stem-like tumors. In 
contrast, proinvasive genes were down-regulated in the angio- 
genesis-dependent tumors derived from the stem-like tumors. The 
described angiogenesis-independent tumor growth and the un- 
coupling of invasion and angiogenesis, represented by the stem- 
like cancer cells and the cells derived from them, respectively, point 
at two completely independent mechanisms that drive tumor 
progression. This article underlines the need for developing ther- 
apies that specifically target the stem-like cell pools in tumors. 

glioma | invasiveness | vessel cooption 

A basic principle in tumor progression is the requirement for 
angiogenesis, yet several clinical studies have reported limited 
efficacy of angiogenesis inhibitors to control tumor growth (1-7). 
This finding has been explained by pharmacokinetic parameters 
such as the mode of delivery, inadequate biodistribution, and 
misfolding of the therapeutic proteins (8). Still, some studies suggest 
that the nature of this problem may not be inherent in the 
therapeutic compound, but rather underlies the concept of angio- 
genesis-dependency itself (9-11). An alternative mechanism for 
obtaining essential nutrients may be that the malignant cells are 
sustained by the preexisting vasculature of the host tissue, as they 
invade the surrounding parenchyma. 

Stem cells and tumor cells share the ability of cell division. 
Moreover, EGF and FGF, which maintain neural stem cells in a 
proliferative state in vitro, also increase proliferation of glioma cells 
(12-14). Similar to migrating neural stem cells grafted in adult rat 
brain, invading glioma cells may be supported by the vascular 
network in the normal brain (15-19). However, studies suggest that 
although tumor cells initially coopt surrounding vessels, subsequent 
growth requires angiogenesis (20, 21). Thus, the prevailing view is 
that solid tumor growth is angiogenesis-dependent (22-24). 

Glioblastomas (GBMs) are highly vascular brain tumors that are 
considered to be attractive candidates for antiangiogenic therapy 
(25). GBMs are classified as high-grade gliomas because of the 



Table 1. Tumor take, engraftment rate, and passaging data on 
10 primary GBM biopsies 



Survival, days, Passaged 

Case Tumor take (%) mean ± SEM* in vivo 

1 12 of 13 (92) 117.5 ±8.6 No 

2 7 of 7 (100) 97 ±1.7 Yes 

3 4 of 5 (80) 169.5 ±22.1 No 

4 3 of 5 (60) 252 ±1.6 No 

5 7 of 8 (88) 64 ±1.5 No 

6 2 of 10 (20) 93.5 ±10.6 No 

7 6 of 6 (100) 104.5 ±1.4 Yes 

8 8 of 8 (100) 119.5 + 3.5 Yes 

9 12 of 14 (86) 137.5 ±5 No 
10 7 of 7 (100) 126.5 + 2.9 Yes 



♦Survival data were recorded only from animals where tumor take was 
confirmed after histological examination. 



presence of necrosis and microvascular proliferations, and most 
often arise de novo in patients not previously diagnosed with a 
low-grade glioma. They are then referred to as primary GBMs and 
display a characteristic set of genetic changes (26, 27). However, 
these tumors may also arise from the malignant progression of 
invasive, low-grade gliomas without microvascular proliferations 
(26, 28). Apart from the onset of angiogenesis, this transition is 
characterized by progressive genetic changes different from those 
observed in primary GBMs (29). In this work, we xenografted 10 
biopsies from primary glioblastomas into nude rat brains. Surpris- 
ingly, the resulting tumors recapitulated the infiltrative growth 
pattern of low-grade gliomas, coopting the host vasculature without 
any signs of angiogenesis or necrosis. Upon passaging in vivo, they 
progressed toward a highly malignant phenotype displaying tumor 
angiogenesis and large necrotic regions. This progression was not 
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Fig. 1. Tumor growth without angiogenesis. (a) MRI scans (T 2 sequence) at 
three different time points. The midline structure at 18 weeks, as indicated by 
arrowheads, (b) Ti sequence after gadodiamid administration, (c) A [ 18 F]FLT 
positron emission tomography scan of a rat brain with a tumor, (d) Coronary 
rat brain section costained with BrdU (green) and collagen IV (red), (e) Triple 
staining of the tumor bed for BrdU (green), collagen IV (red), and Hoechst 
(blue), (f) CD31 staining of vessels in the normal brain, (g) CD31 staining of 
vessels in the tumor, (h) Costaining for von Willebrand factor (red) and Ki67 
(brown). Ki67-positive tumor cell nucleus (arrow), and Ki67-negative endo- 
thelial nucleus (arrowhead) are shown. (i) Double staining for collagen IV (red) 
and pimonidazol (green). (/) Morphometric quantification of vascular param- 
eters in the first-generation tumors and in the normal brain. Error bars show 
SEM. [Scale bars: 1 cm (c and d); 100 fim (e-g); 40 fxm (h); and 5 mm (/).] 



paralleled by progressive genetic derangements because the angio- 
genic and nonangiogenic phenotypes had almost identical array 
comparative genomic hybridization (CGH) profiles. However, they 
displayed distinct gene-expression profiles, suggesting that tran- 
scriptional modulation mediated the phenotypic shift. Our findings 
demonstrate that even highly vascular and aggressive tumors, with 
no definable precursor lesions, contain tumor cells that can revert 
and adapt the growth characteristics of low-grade tumors. Subse- 
quently, these tumors can again progress to become vascular and 
necrotic. Our results show that the cellular heterogeneity and 
adaptive behavior demonstrated by these tumor cells bears a 
resemblance to the plasticity of stem cells and implies that anti- 
angiogenic cancer therapy should be combined with a therapy that 
targets the invasive stem-like cell populations. 

Results 

Patient Characteristics, Immunohistochemistry, and Engraftment Rate 
of Tumor Biopsies and Glioma Spheroids. Spheroids derived from 
biopsy tissue of 10 patients with GBM all developed tumors 
(hereafter termed first-generation tumors) when transplanted into 
the CNS of nude rats (30, 31), although at varying rates (Table 1). 
All tumors were previously untreated, primary glioblastomas, with 
histological features defined by nuclear pleomorphism, mitosis, 
necrosis, and endothelial cell proliferation (Fig. 6a, which is pub- 
lished as supporting information on the PNAS web site). The tissue 




Fig. 2. Nonangiogenic tumors contain cells with stem-like features, (a) Brain 
sections at different time points corresponding to the MRI scans. The main 
tumor mass has a purple color because of immunostaining with a human- 
specific antibody against vimentin. Costaining with anti-human vimentin (red) 
and Ki67 (brown) show dividing and nondividing tumor cells in different 
regions of the brain: corpus callosum (b), tumor bulk (c), and contralateral 
hemisphere (d). (e) Nestin-positive cancer cells (brown) invading the paren- 
chyma in the contralateral hemisphere, (f and g) Migration along corpus 
callosum of vimentin-positive cancer cells (brown) from a tumor spheroid (f) 
and of human neural stem cells (g). (h) Musashi-1-positive cells (green) mi- 
grating from a tumor spheroid (red). (Scale bars: 50 ^m.) 



specimens were minced and cultured in vitro in serum containing 
medium to form glioma spheroids before implantation (Fig. 6 
Right). Immunohistochemical staining displayed a strong expres- 
sion of glial fibrillary acidic protein (GFAP) both in the tumor 
biopsies and the biopsy spheroids (Fig. 6b), whereas nestin was 
up- regulated in the spheroids (Fig. 6c). The tumor biopsies showed 
some staining for the cancer stem cell marker CD133, in contrast 
to the spheroids, which were CD133 negative (Fig. 6d). 

Highly Vascular Brain Tumors Contain Cancer Cells with the Capacity 
to Generate New Tumors Without Angiogenesis. To study tumor 
progression, we used longitudinal MRI over three time points (Fig. 
la). The T 2 scans displayed diffuse lesions that occupied most of the 
hemispheres in the terminal stage, causing a shift of midline 
structures. Although engraftment took place from all of the biop- 
sies, the xenografts from seven patients developed without signs of 
contrast enhancement (Fig. 16). For two biopsies, only minor 
enhancement was visible, and only one biopsy developed into a 
tumor with contrast enhancement (data not shown). Animals 
displaying no contrast enhancements were subsequently infused 
with I8 F-3'-deoxy-3'-fluorothymidine ([ 18 F]FLT) and examined by 
positron emission tomography (32). The scans showed a diffuse 
intracranial uptake of [ 18 F]FLT, indicating a disseminated spread of 
dividing tumor cells throughout the brain (Fig. lc). Similarly, brain 
sections from rats pulsed with BrdU before killing, showed BrdU- 
positive cells spreading over the corpus callosum to the contralat- 
eral hemisphere (Fig. Id). Moreover, we performed triple staining 
for the basement membrane marker collagen IV and BrdU in rats 
systemically injected with Hoechst 33342 (Fig. le). BrdU-positive 
cells were observed between blood vessels with no Hoechst leakage 
into the surrounding parenchyma, suggesting a normal vascular 
morphology and a functionally intact blood-brain barrier. Immu- 
nostaining and morphometric quantification for the vascular 
marker CD31 revealed that the area fraction representing vascular 
elements and vascular counts per field was slightly lower in the 
tumors compared with the normal brain (Fig. If, g, and ;'). This 
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unless otherwise indicated.) 



result may be attributed to cells infiltrating the vascular bed, thereby 
increasing the distance between neighboring vessels. Double stain- 
ing for Ki67 and von Willebrand factor showed dividing tumor cells 
among quiescent normally sized blood vessels (Fig. Ih). No dividing 
endothelial cells were observed in the tumors. Double staining for 
collagen IV and the hypoxia marker pimonidazol revealed no sign 
of hypoxia in the first-generation tumor (Fig. 1;)- Sections of rat 
brains perfused with India ink (Fig. la, which is published as 
supporting information on the PNAS web site) and transmission 
electron microscopy (Fig. lb) also revealed a normal endothelial 
morphology and tight junctions between the endothelial cells. 
Immunohistochemical detection of reactive endothelial cells by 
staining for angiopoietin-2 was negative (Fig. 8a, which is published 
as supporting information on the PNAS web site). 

Angiogenesis-independent Growth Is Mediated by Tumor Cells That 
Exhibit Stem-Like Characteristics. Rat brains harvested at the time of 
MRI (Fig. la) allowed comparison with histological sections from 
corresponding regions (Fig. 2a). In all regions of the brain, we 
identified Ki67-positive tumor cells, which also stained positive for 
human-specific vimentin, a marker present in neuroepithelial pro- 
genitors and stem cells (33) (Fig. 2 b-d). Tumor cells migrating 
along the corpus callosum, entering the cortex, also expressed the 
neural stem cell marker nestin (Fig. 2e). For comparison, trans- 
planted glioma spheroids and human neural stem cells (HNSC 100) 
were stained for vimentin and showed a striking similarity in their 
migratory pattern (Fig. 2/andg). The tumor cells also expressed 
the neural stem cell marker musashi-1 (Fig. 2h), an RNA-binding 
protein involved in asymmetric cell division during Drosophila 
neural development (34). 



Serial Passaging in Vivo Changes the Nonangiogenic Tumor to a Highly 
Vascular Phenotype. To further investigate tumor progression, first- 
generation tumors from four patients (Table 1) were removed and 
serially passaged in rats for 4-5 generations (hereafter termed 
high-generation tumors). In the subsequent generations, the tumors 
became more vascular and circumscribed (Fig. 3a) with emerging 
necrotic regions (Fig. 3 b and c). Moreover, MRI scans showed less 
invasive (Fig. 3d), strongly contrast-enhancing tumors (Fig. 3e) in 
the high generation. The less-invasive nature of the high-generation 
tumors was also confirmed by positron emission tomography scans, 
where they appeared sharply demarcated (Fig. 3/). Immunohisto- 
chemistry revealed tumors with a disordered vasculature, dilated 
vessels, and endothelial cell proliferations (Fig. 3 g and h). Triple 
staining for collagen IV and the hypoxia marker pimonidazole in 
rats infused with Hoechst 33342 revealed numerous hypoxic areas 
surrounded by dilated vessels with Hoechst leakage into the sur- 
rounding parenchyma (Fig. 30- This leakage was also confirmed in 
rats that had received systemic injections of India ink (data not 
shown). A morphometric quantification of the vascular parameters 
(Fig. if) revealed lower vascular counts per visual field in the 
high-generation tumors compared with normal rat brain, whereas 
the area fraction representing endothelial cells per visual field was 
increased. Finally, the proliferative capillary index was 6% in the 
tumors compared with 0% in the normal brain. The onset of 
angiogenesis coincided with a significant decrease in survival from 
113 ± 2.6 SEM to 43 ± 2.1 SEM days (Fig. 3k). 

Angiogenesis-independent and -Dependent Phenotypes Are Geneti- 
cally Similar, but Display Different Gene and Protein Expression 
Profiles and Distinct Patterns of Intracellular Signaling. Array CGH 
showed that the human biopsy and the first- and high-generation 
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Fig. 4. Comparison of chromosomal DNA, gene expression, and protein profiles between first- and high-generation tumors, (a) Array CGH showing the relative 
chromosome copy numbers of the parent biopsy, first- and high-generation tumors, (b) Bar graph presenting the genes with the biggest difference in expression 
levels between the first- and high-generation tumors, (c) Immunoblot analysis of protein extracts from first- and high-generation tumor tissue. VEGF was 
analyzed from cerebrospinal fluid, (d) Signaling pathways differentially activated in the two tumor phenotypes. 



tumors displayed nearly identical chromosomal profiles (Fig. 4a), 
where they showed loss on chromosome 5p, gain on 7 with EGFR 
amplification, INK4A/ARF homozygous deletion, loss of chromo- 
some 10, and interstitial loss of 15q. The striking similarities in the 
array CGH profiles between the tumors suggested that transcrip- 
tional regulation is an important component in the phenotypic shift 
observed. Therefore, a comprehensive gene-expression analysis 
comparing first- and high-generation tumors was performed. In 
total, we found 77 genes whose differential expression was 2-fold or 
more between the two tumor phenotypes, using three different 
microarray platforms [16,000-oligonucleotide cDNA; Agilent Tech- 
nologies (Palo Alto, CA), 44,000-oligonucleotide; Agilent Technol- 
ogies, and 37,000-oligonucleotide microarrays; Applied Biosystems 
(Foster City, CA)] (Fig. 4b, and Table 2, which is published as 
supporting information on the PNAS web site). Furthermore, two 
of the array platforms contained vimentin and nestin, which where 
up-regulated 200% and 70% in the first-generation, respectively. To 
ensure that this up-regulation was human-specific and not caused 
by reactive host-derived cells, we designed primers specific for rat 
vimentin. Quantitative real-time PCR (RT-qPCR) from low- and 
high-generation confirmed that the expression was from the tumor 
cells (Fig. 9, which is published as supporting information on the 
PNAS web site). Moreover, a comprehensive Kinetworks multiim- 
munoblotting screen was performed, which represents a systems- 
biology approach providing simultaneous expression and phos- 
phorylation states of hundreds of target proteins. The Kinetworks 
screen revealed numerous proteins to be differentially expressed, 
including main components of intracellular signaling pathways (Fig. 
4c). Based on the gene-expression profiles and the Kinetworks 
screen, we found that components of the Wnt, PI3K and NF-k/3 
signaling pathways were overexpressed in the invasive first- 
generation tumors compared with the high-generation tumors. In 
addition, although components of the Ras signaling pathway were 
expressed in both first- and high-generation tumors, they were 
significantly up-regulated in the high generation (Fig. 4d). More- 



over, the first-generation tumors displayed up-regulation of genes 
involved in fetal development and cell motility (Table 3, which is 
published as supporting information on the PNAS web site). 

Invasion and Angiogenesis, Two Independent Strategies for Tumor 
Progression. The tumor cell invasion marker SPARC (35-37) was 
up-regulated in first-generation tumors, whereas the high- 
generation tumors displayed weak or no staining (Fig. 5a). Fur- 
thermore, spheroids from first-generation tumors were highly in- 
vasive when tested in a collagen-invasion-gel assay, whereas the 
high-generation tumor spheroids only displayed a modest invasion 
in the gel (Fig. 5b). 

Conversely, immunostaining for HIF-la and VEGF were neg- 
ative in sections from first-generation tumors, whereas staining for 
both markers were positive in the high-generation tumors (Fig. 5 c 
and d). The same staining pattern was seen for angiopoitin-2 (Fig. 
8). Furthermore, Western blotting for HIF-la and quantitative 
real-time PCR (RT-qPCR) for its target gene carbon anhydrase IX 
(CAIX) showed up-regulation in the high-generation tumors, 
whereas RT-qPCR for VEGF in the first-generation tumors 
showed levels comparable with normal brain (Fig. 10 a-c, which is 
published as supporting information on the PNAS web site). In 
addition, HIF-la was not detected in tumor spheroids in normoxic 
conditions but was up-regulated in hypoxia, followed by an increase 
of CAIX expression (Fig. 11 a and b, which is published as 
supporting information on the PNAS web site). Moreover, we 
functionally assessed the angiogenic potential of first- and high- 
generation tumors in a rat aortic ring assay (Fig. 5e). Endothelial 
cell sprouting was evident only from aortic rings that received 
conditioned medium from high-generation tumor spheroids. Con- 
ditioned media from first-generation tumor spheroids induced no 
outgrowth of endothelial cells during the observation period of 11 
days, suggesting that first-generation tumors do not secrete the 
necessary amounts of angiogenic factors to trigger angiogenesis. 
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Fig. 5. Inverse relationship between angiogenesis and invasion, (a) SPARC immunostaining (brown) at the tumor periphery in first- and high-generation 
tumors, (b) Invasion of tumor cells in a collagen gel from first- and high-generation glioma spheroids, (c and d) Hif-1 a and VEGF expression (brown), respectively, 
in first- and high-generation tumors, (e) Aortic ring explants incubated with conditioned medium from first- and high-generation tumor spheroids. Pictures from 
aortic ring and collagen-invasion assays were all taken on day 5. (Scale bars: 100 //.m.) 



Discussion 

Malignant gliomas are the most common cancers in the brain and 
remain difficult to cure despite advances in surgery and adjuvant 
therapy. Recent studies have identified tumor cell subpopula- 
tions that might be responsible for tumor initiation and progres- 
sion. Cancer stem cells have been identified in leukemias and 
breast, prostate, and brain cancer (38-44). In some cases, these 
tumor-initiating cells can be distinguished from the non-tumor- 
initiating cancer cells based on cell surface marker expression. 
For instance, it has been found that only CD44+/CD24-/ 
lineage - breast cancer cells form new tumors in animals (45). 
Similarly, CD 133 has been proposed as a cancer stem cell marker 
in brain cancers (46). However, we established tumors in vivo 
from GBM-derived spheroids that contained nestin + /GFAP + / 
CD133" cells. This discrepancy may be due to different culture 
conditions because we cultured our biopsy material in serum- 
containing medium. The implanted tumor spheroids developed 
tumors with a stem-like, nonangiogenic and highly invasive 
phenotype. The first-generation tumors mediated a fulminant 
fatal disease course, and 7 of 10 specimens produced this 
phenotype. Two other specimens developed into highly invasive 
tumors with a predominantly normal vasculature, and only one 
biopsy produced contrast enhancement. Although the cellular 
program mediating the nonangiogenic phenotype is possibly a 
remnant of fetal development that lies dormant during normal 
tumorigenesis, the program may be reactivated to drive tumor 
progression in a clinical setting when patients are treated with 
angiogenic inhibitors. In contrast to the dormant tumors that 
become malignant only after the onset of angiogenesis (21), our 
results challenge the current view of malignant tumor growth as 
an angiogenesis-dependent process. 

Despite the fact that the nonangiogenic phenotype recapitulates 
developmental signaling pathways and expresses stem cell markers, 
it is not clear whether these cells are derived from transformed 
neural stem cells, from stem cell fusion events (47), or from 
otherwise restricted subpopulations within the tumor. The genetic 
similarities between the different tumor phenotypes, as demon- 
strated by almost identical array CGH profiles, do not support a 
major involvement of clonal selection, but suggest that transcrip- 
tional regulation mediates the phenotypes observed. Furthermore, 
it has been shown that an astrocytoma cell line became more 
invasive after knocking out the HIF-1 a gene (48). 

In later generations, transition to a vascular tumor phenotype 
is mediated by cells where the Ras-signaling pathway is activated. 
Thus, the capacity for tumor growth is neither limited to a 
genetic subclone nor to a certain cell phenotype, but is shared 
between groups of phenotypically diverse cells, where some are 
characterized by a diffuse growth pattern and others by angio- 
genesis. Accordingly, the uncoupling of invasion and angiogen- 
esis, represented by the stem-like cancer cells and the cells 



derived from them respectively, points at two different mecha- 
nisms that drive tumor progression. Although the mechanism 
behind the phenotypic shift is not fully understood, HIF-la 
expression seems to be triggered by hypoxia, because it was not 
constitutively expressed by high-generation tumor spheroids 
cultured under normoxic conditions. The results showing that 
both phenotypes can mediate a fulminant disease course suggest 
that even a 100%-effective therapy directed toward one of the 
biological entities (either invasion or angiogenesis) will not cure 
the cancer. Cancer treatment strategies need to pursue both the 
invasive stem-like cancer cells and angiogenic targets. A major 
challenge will be to design therapies that target the stem-like 
cancer cells without destroying the normal stem cell pools that 
are needed to maintain normal tissue function. 

Materials and Methods 

Cell Culture and in Vitro Assays. Biopsy spheroids were prepared as 
described (49). After 1-2 weeks in culture, spheroids with 
diameters between 200 and 300 ;um were selected for intrace- 
rebral implantation. 

In Vivo Experiments. Nude immunodeficient rats (Han: rnu/rnu 
Rowett) were fed a standard pellet diet and were provided with 
water ad libitum. All procedures were approved by The National 
Animal Research Authority. Biopsy spheroids were stereotactically 
implanted into the right brain hemisphere, and the rats were killed 
when symptoms developed. 

Immunohistochemistry. After deparaffinization, all sections were 
boiled in citrate buffer, pH 6.2, for 20 min, except for the von 
Willebrand staining, where the sections were treated with protein- 
ase K (DAKO, Glostrup, Denmark) for 10 min. Sections were then 
treated with protein-blocking solution (DAKO) for 10 min, and the 
primary antibody was incubated for 45 min at room temperature, 
washed four times, incubated for 35 min with En Vision + Systems 
polymer-conjugated secondary antibody (DAKO), washed four 
times, and finally incubated with DAB for 5 min. 

Transmission Electron Microscopy. The rats were perfusion fixed, and 
the brains were removed and embedded in Epon 812, followed by 
ultrathin sectioning in preparation for electron microscopy. 

Hypoxia Experiment. Spheroids were cultured at 37°C with 5% C0 2 , 
94% N 2 , and 1%0 2 for 16 h in a Mini Galaxy incubator (RS 
Biotech, Ayrshire, Scotland, U.K.). 

Western Blotting. Cerebrospinal fluid was run on SDS/PAGE by 
using NuPage precast gels (Invitrogen, Carlsbad, CA). After blot- 
ting, the nitrocellulose membrane was blocked for 30 min at room 
temperature and incubated overnight at 4°C in buffer (TBS with 
0.1% Tween 20, 5% milk powder) containing anti-VEGF-A diluted 
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1:100 (Abeam, Cambridge, U.K.), anti-HIFla diluted 1:100 (BD 
Biosciences, San Diego, CA), or anti-GAPDH diluted 1:2,000 
(Abeam). The primary antibody was detected by using an HRP- 
conjugated goat anti-rabbit/mouse secondary antibody (Immuno- 
tech, Fullerton, CA) diluted 1:2,500. Extraction of protein from 
cultured spheroids was done by washing in PBS two times and 
homogenizing in lysis buffer by sonication twice for 15 sec by using 
Sonics Vibra Cell (Cole-Parmer Instruments, Vernon Hills, IL). 
Whole lysate was used for subsequent analysis. Twenty micrograms 
of protein was applied in each well. 

Protein Kinase and Phosphosite Screening. The procedure is de- 
scribed in refs. 50 and 51). The following screens were performed: 
KPKS-1.2A, KPKS-1.2B, KPSS-2.1, KPSS-4.1, and KPSS-1.3. For 
details, see the Kinexus (Advent Software, San Francisco, CA) 
home page www.kinexus.com. 

Quantitative RT-PCR. cDNA was generated by using the iScript 
cDNA synthesis kit according to the manufacturers instructions 
(Bio-Rad, Hercules, CA). Each reaction is in triplicate on the plate, 
and a similar plate was repeated three times. The reactions were 
performed by using iQ SYBR green Supermix reagents kit (Bio- 
Rad), and the PCR was run on a BioRad iCycle detection system 
(Bio-Rad). 

Gene-Expression Analysis. Single-stranded cDNA was reverse tran- 
scribed from 2 fxg of total RNA and T7 RNA polymerase promoter- 
containing double-stranded cDNAs, and T7 RNA polymerase- 
amplified RNAs (cRNAs) were generated according to the T7 
Megakit protocol (Ambion, Austin, TX) as described (52). 
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Agilent DNA Mkroarrays. The Agilent 16,000-oligonucleotide 
cDNA microarrays were processed as described (53). 

ABI1700 DNA Oligonucleotide Microarrays. The Human Genome 
Survey Microarray, Chemiluminescence Detection kit, Applied 
Biosystems Chemiluminescent RT-IVT Labeling kit, and Applied 
Biosystems 1700 Chemiluminescent Microarray Analyzer was used 
as recommended. 



Bioinformatic Analysis of DNA Microarray Data. In total, six hybrid- 
izations were performed, two for each platform. The result files 
from the three different image-processing software programs 
were all imported into the analysis software J-Express (54). 
Controls and flagged spots were removed. J-Express is available 
at www.molmine.com. 



Array CGH. To determine the copy number across all chromosomes, 
we did comparative genomic hybridizations on whole-genome 
arrays of 2,400 chromosomally mapped BAC clones (Hum. 
Arrayl.14) following methods described in ref. 55. 

Supporting Information. For more information, see Supporting Ma- 
terials and Methods, which is published as supporting information on 
the PNAS web site. 
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